An investigation of the relationship between coal and gas properties in the Huntly coalfield, New Zealand. by Mares, Tennille Elisa
 An investigation of the relationship between coal  
and gas properties in the Huntly coalfield,  
New Zealand. 
 
  
A thesis submitted in partial fulfilment  
of the requirements for the Degree 
of  
Doctor of Philosophy 
in the  
University of Canterbury 
by  
Tennille E. Mares  
 
 
 
 
 
University of Canterbury 
 
2009. 
 
 
 
 
Table of Contents 
 
 
 
List of Figures          xi 
List of Tables                 xxiii 
Abstract            1 
Acknowledgements         3 
 
Chapter 1: Introduction        5 
 
1.1. Objectives           7                             
1.2. Location          8 
 
Chapter 2: Methods         13 
 
2.1. Gas properties         15 
2.1.1. Gas adsorption        16 
2.1.2. Gas desorption        17 
2.1.3. Gas variation and saturation      18 
2.1.4. Gas composition analysis      20 
2.2. Coal composition         20 
2.2.1. Macroscopic description technique     20 
2.2.2. Coal microscopic composition      23 
Table of Contents 
 
Tennille Mares ii
 
2.2.3. Coal rank        26 
2.2.4. Coal chemical composition      26 
2.3. Coal microstructure        27 
2.3.1. SAS Sample selection       28 
2.3.2. Samples for SAS experiments      28 
2.3.3. SAS instruments       31 
2.3.4. SAS data processing and analysis     35 
2.3.5. Microstructural models: fitting the shape of the scattering curves 35 
 
Chapter 3: Coal composition        40 
 
3.1. Inorganic matter in coal        41 
3.2. Proximate Analysis        42 
3.2.1. Proximate analysis results by drill hole    42 
3.2.2. Proximate analysis results by seam     53 
3.3. Ash constituents         57 
3.3.1. Ash constituent analysis results by drill hole    57 
3.3.2. Ash constituent analysis results by seam    65 
3.4. Element associations        68 
3.5. Visually and optically identifiable mineral matter    73 
3.5.1. Macroscopic logging       73 
3.5.2. Organic petrology       74 
3.6. Ultimate Analysis         81 
3.6.1. Ultimate analysis by drill hole      81 
3.6.2. Ultimate analysis by seam      85 
3.7. Discussion         86 
3.7.1. Low ash yield coal deposits      86 
Table of Contents 
 
Tennille Mares iii
 
3.7.2. Mineral matter in the Huntly coal     88 
3.7.3. Element associations       92 
3.8. Conclusions         96 
 
Chapter 4: Coal petrology        98  
 
4.1. Coal rank          99 
4.2. Macroscopic texture        104 
4.2.1. Macroscopic texture by drill hole     104 
4.2.2. Macroscopic texture by seam      110 
4.2.3. Macroscopic texture by location     113 
4.3. Organic Petrology        114 
4.3.1. Organic petrology by drill hole     114 
4.3.2. Organic petrology by seam      120 
4.3.3. Microscopic texture       123 
4.3.4. Porosity         124 
4.3.5. Hydrocarbons        126 
4.3.6. Average fluorescence intensity      126 
4.4. Coal type properties        128 
4.4.1. Coal chemistry and macroscopic coal type    128 
4.4.2. Organic petrology and macroscopic coal type    132 
4.4.3. Organic petrology and ash constituents    134 
4.5. Discussion         136 
4.5.1. Controls on the distribution of coal types    136 
4.5.2. Petrological differences between seams    138 
4.6. Conclusions         141 
 
Table of Contents 
 
Tennille Mares iv
 
Chapter 5: Coal microstructure              144 
 
5.1. Permeability and porosity in coal      145 
  5.1.1. Macroscopic transport system      145 
5.1.2. Microscopic transport system      148 
5.2. Small angle scattering theory       150 
5.3. Sample characteristics        154 
5.4. Small angle scattering results       157 
5.4.1. Anisotropy of the coal matrix      157 
5.4.2. Anisotropy observed in SAS measurements    157 
5.4.3. Scattering curves       161 
5.5. Pore size distribution        168 
5.5.1. Polydisperse Spherical Pore Model.     168 
5.5.2. Pore size distributions for Huntly samples.    168 
5.6. Specific surface area        173 
5.6.1. Specific surface area by probe size     173 
5.6.2. Specific surface area at probe size 4 Å     177 
5.6.3. Specific surface area anisotropy     180 
5.7. Total porosity         181 
5.8. Correlation between coal microstructure and composition   184 
5.9. Shape fitting scattering curves       186 
5.10. Discussion         189 
5.10.1. Porosity        189 
5.10.2. Variability within seam      190 
5.10.3. Differences between matrix and vitrain samples   191 
5.10.4. Inorganic material       192 
Table of Contents 
 
Tennille Mares v
 
5.11. Conclusions         194 
 
Chapter 6: Gas properties                196 
 
6.1. Gas in coal         197 
6.1.1. Origin of gas in coal       197 
6.1.2. Storage of gas in coal       198 
6.2. Gas adsorption capacity of the Huntly coal     201 
                    6.2.1. Pre- and post-desorption isotherms                                                      201 
6.2.2. Fresh adsorption isotherms      203 
6.2.3. Adsorption of methane and carbon dioxide    204 
6.3. Total gas content of the Huntly coal      208 
6.3.1. Total gas content by drill hole      208 
6.3.2. Total gas content by seam      215 
6.3.3. Gas desorption by location      217 
6.4. Variability in gas adsorption, desorption and saturation   219 
6.4.1. Variability in gas adsorption capacity     220 
6.4.2. Variability in total gas content      222 
6.4.3. Variability in gas saturation      223 
6.4.4. How many samples?       224 
6.5. Gas quality and isotopic composition      226 
6.6. Discussion         228 
6.6.1. Within seam variation in methane adsorption and gas desorption 228 
6.6.2. Between seam variation in methane adsorption and gas desorption 230 
6.6.3. Sampling to minimize uncertainty in gas adsorption, desorption  
and saturation        231 
6.6.4. Potential for enhanced coal bed methane (ECBM) and CO2  
 sequestration        233 
Table of Contents 
 
Tennille Mares vi
 
6.7. Conclusions         236 
 
Chapter 7: Gas associations                238 
 
7.1. Gas content and coal composition      239 
7.1.1. Proximate analysis and gas content     239 
7.1.2. Ultimate analysis and gas content     242 
7.2. Gas content and coal petrology       244 
7.2.1. Percentage vitrain and gas content     244 
7.2.2. Average phi size and gas content     245 
7.2.3. Coal type and gas content      246 
7.3. Gas properties in detail        248 
7.3.1. Renown seam- Jasper 1      249 
7.3.2. Kupakupa seam- Ruawaro 2      256 
7.4. Gas properties and microstructure      261 
7.5. Discussion         262 
7.5.1. Ash yield and gas content      262 
7.5.2. Macroscopic texture and gas content     263 
7.5.3. Microstructure and gas content      265 
7.5.4. Controls on gas properties in the Huntly coalfield   266 
7.6. Conclusions         268 
 
  
Table of Contents 
 
Tennille Mares vii
 
Chapter 8: Conclusions                          270  
 
8.1. Sample collection and data integrity        271 
8.2. Inorganic constituents in the Huntly coalfield     272 
8.3. Coal type distribution in the Huntly coalfield     273 
8.4. Coal microstructure        274 
8.5. Controls on gas properties       275 
 
References                   277 
 
Appendices                   302 
 
Appendix 1: Coal composition data               302 
1.1. Proximate analysis data        302 
1.2. Ash constituents         307 
1.3. Forms of Sulphur in the TW1 drill hole      312 
1.4. Ultimate analysis data        313 
1.4.1. Ultimate analysis data (db) by canister     313 
1.4.2. Ultimate analysis composites      314 
1.5. Correlation tables of ash constituents by seam     315 
1.5.1. Correlation tables with all samples included    315 
1.5.2. Correlation tables with no high ash yield (>20%) samples included 316 
 
Table of Contents 
 
Tennille Mares viii
 
Appendix 2: Coal petrology data               317 
2.1. Vitrinite reflectance histograms       317 
2.1.1. Mangapiko 1 Renown       317 
2.1.2. Mangapiko 1 Kupakupa      317 
2.1.3. Jasper 1 Renown       318 
2.1.4. Mimi 1 Renown       318 
2.2. Suggate plot data         319 
2.3. VIRF analysis figures        324 
2.3.1. Jasper 1 Renown seam       324 
2.3.2. Ruawaro 2 Kupakupa seam      325 
2.4. Macroscopic logging sheets       327 
2.4.1. TW1         327 
2.4.2. Ruawaro 1        328 
2.4.3. Ruawaro 2        329 
2.4.4. Rotongaro 1        330 
2.4.5. Mangapiko 1        331 
2.4.6. Baco 1         332 
2.4.7. Jasper 1         332 
2.4.8. Mimi 1         333 
2.5. Organic petrology counts       334 
2.5.1. Jasper 1 Renown seam       334 
2.5.2. Mimi 1 Renown seam       334 
2.5.3. Ruawaro 1 Kupakupa seam      335 
2.5.4. Ruawaro 2 Kupakupa seam      336 
2.5.5. Other analysed samples      336 
2.5.6. Percentage maceral group (mmf) Renown seam   337 
2.5.7. Percentage maceral group (mmf) Kupakupa seam   338 
2.6. Porosity          339 
2.6.1. Jasper 1 Renown seam       339 
Table of Contents 
 
Tennille Mares ix
 
2.6.2. Mimi 1 Renown seam       339 
2.6.3. Ruawaro 1 Kupakupa seam      340 
2.6.4. Ruawaro 1 Kupakupa seam      340 
2.6.5. Other analysed samples      340 
2.7. Average fluorescence data                  341
  
Appendix 3: Microstructure data               342 
3.1. Study on the effect of background subtraction     342 
3.2. Study on the effect of scattering length density calculations   347 
3.3. Scattering data SAXS/USAXS       351 
3.3.1. Renown seam matrix perpendicular samples    351 
3.3.2. Renown seam matrix parallel samples     353 
3.3.3. Kupakupa seam matrix perpendicular samples   355 
3.3.4. Kupakupa seam matrix parallel samples    357 
3.3.5. Vitrain perpendicular samples      359 
3.3.6. Vitrain parallel samples       361 
3.4. Scattering data SANS/USANS       363 
3.4.1. Renown seam matrix samples      363 
3.4.2. Kupakupa seam matrix samples      365 
3.4.3. Vitrain samples        367 
3.5. Pore size distribution SAXS/USAXS      369 
3.5.1. Renown seam matrix samples perpendicular    369 
3.5.2. Renown seam matrix samples parallel     370 
3.5.3. Kupakupa seam matrix samples perpendicular   371 
3.5.4. Kupakupa seam matrix samples parallel    372 
3.5.5. Vitrain samples perpendicular      373 
3.5.6. Vitrain samples parallel      374 
Table of Contents 
 
Tennille Mares x
 
3.6. Pore size distribution SANS/USANS      375 
3.6.1. Renown seam matrix samples      375 
3.6.2. Kupakupa seam matrix samples     376 
3.6.3. Vitrain samples        377 
3.7. Specific surface area SAXS/USAXS      378 
3.7.1. Renown seam matrix samples perpendicular    378 
3.7.2. Renown seam matrix samples parallel     379 
3.7.3. Kupakupa seam matrix samples perpendicular   380 
3.7.4. Kupakupa seam matrix samples parallel    381 
3.7.5. Vitrain samples perpendicular      382 
3.7.6. Vitrain samples parallel      383 
3.8. Specific surface area SANS/USANS      379 
3.8.1. Renown seam matrix samples      384 
3.8.2. Kupakupa seam matrix samples     385 
3.8.3. Vitrain samples        386 
3.9. Calculated porosity SANS/USANS      387 
3.10. Calculated volume fractions for average scattering curves of vitrain samples 
387 
 
Appendix 4: Gas data                 390 
4.1. Adsorption isotherm data       390 
  4.1.1. Methane adsorption capacity      390 
  4.1.2. Carbon dioxide adsorption capacity     391 
 4.2. Gas content data         392 
 
Appendix 5: Publications                397 
 
Table of Contents 
 
Tennille Mares xi
 
List of Figures 
 
 
 
Chapter 1: Introduction        5 
 
Figure 1. 1. Location of the Waikato coalfields, North Island, New Zealand.  10 
 
Figure 1. 2. Stratigraphic column showing typical stratigraphy of the Huntly coalfield, New 
Zealand (modified from (Hall et al., 2006)).     11 
 
Figure 1. 3. Cross-section through the Waikato Coal Measures.    13 
 
Chapter 2: Methods         13 
 
Figure 2. 1. Location of the drill holes utilised in this study.    15 
 
Figure 2. 2. Opening the core barrel at the Jasper-1 site.     16 
 
Figure 2. 3. Gas desorption set up- water baths, desorption canister and manometer. 19 
 
Figure 2. 4. Coal types identified in the Huntly coalfield.     22 
 
Figure 2. 5. Coal platelet prepared for SAS analysis.     30 
 
Figure 2. 6. Nuclear reactor (dome) and synchrotron (circle) facilities.   32 
 
Figure 2. 7. SAXS instrument at APS with sample holder in place.      33 
 
Table of Contents 
 
Tennille Mares xii
 
Figure 2. 8. Manipulating the crystals on the USAXS instrument, APS.   34 
 
Figure 2. 9. The SANS instrument with sample holder in place, IPNS.   35 
 
Figure 2. 10. Attaching the sample holder in the USANS instrument, Grenoble.   35 
 
Figure 2. 11. Determining the scattering profile of the third phase.    38 
 
Chapter 3: Coal composition        40 
 
Figure 3. 1. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at 
the TW1 location on an as analysed basis, aa.     44 
 
Figure 3. 2. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at 
the Ruawaro 1 location on an as analysed basis, aa.    46 
 
Figure 3. 3. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at 
the Ruawaro 2 location on an as analysed basis, aa.    47 
 
Figure 3. 4. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at 
the Rotongaro 1 location on an as analysed basis, aa.    49 
 
Figure 3. 5. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at 
the Mangapiko 1 location on an as analysed basis, aa.    50 
 
Figure 3. 6. Proximate results of samples from the Renown seam at the Jasper 1 location on 
an as analysed basis, aa.        51 
 
Figure 3. 7. Proximate results of samples from the Renown seam at the Mimi 1 location on 
an as analysed basis, aa.        52 
 
Table of Contents 
 
Tennille Mares xiii
 
Figure 3. 8. Proximate results of samples from the Renown seam at the Baco 1 location on an 
as analysed basis, aa.        53 
 
Figure 3. 9.  (A) Histogram showing the distribution of coal ash yield for all samples and (B) 
Histogram showing the distribution of coal ash yield, for both the Renown and 
Kupakupa seams.         55 
 
Figure 3. 10. Average proximate results by location for the (A) Renown seam, (B) the 
Kupakupa seam, and (C) overall and by seam on an as analysed basis.  57 
 
Figure 3. 11. Average proximate results overall and by seam with the influence of moisture 
content removed (dry basis, db).       57 
 
Figure 3. 12. Distribution of ash constituents for core from the TW1 drill hole.  59 
 
Figure 3. 13. Distribution of ash constituents for core from the Ruawaro 1 drill hole. 60 
 
Figure 3. 14. Distribution of ash constituents for core from the Ruawaro 2 drill hole. 61 
 
Figure 3. 15. Distribution of ash constituents for core from the Rotongaro 1 drill hole. 62 
 
Figure 3. 16. Distribution of ash constituents for core from the Mangapiko 1 drill hole. 64 
 
Figure 3. 17. Distribution of ash constituents for the core from the Jasper 1 drill hole. 65 
 
Figure 3. 18. Distribution of ash constituents for core from the Mimi 1 drill hole.  65 
 
Figure 3. 19. Distribution of ash constituents for core from the Baco 1 drill hole.  66 
 
Figure 3. 20. Average ash constituents for (A) the Renown seam by location, (B) the 
Kupakupa seam by location and (C) overall and by seam.   68 
 
Figure 3. 21. Average ash constituents for the Kupakupa seam when ash yield is <2% aa and 
when ash yield is >2% aa.        69 
Table of Contents 
 
Tennille Mares xiv
 
Figure 3. 22. Ash constituents by seam plotted against 1/ash yield db.   71 
 
Figure 3. 23. Dendrogram of cluster analysis results of ash constituents.   74 
 
Figure 3. 24. Carbonate observed in the Mimi 1 M4 sample during macroscopic logging. 75 
 
Figure 3. 25. Possible authigenic quartz from Mimi 1 sample M1.       78 
 
Figure 3. 26.  Carbonate.         79 
 
Figure 3. 27. Ultimate analysis results for Jasper 1 Renown samples J2 – J11 on a dry basis, 
db.          82 
 
Figure 3. 28. Ultimate analysis results for Mimi 1 Renown samples M1 – M11 on a dry 
basis, db.          83 
 
Figure 3. 29. Ultimate analysis results for Ruawaro 2 Kupakupa samples B16 – B26 on a dry 
basis, db.          84 
 
Figure 3. 30. Comparison of ultimate analysis results for Mimi 1 samples analysed in 
November 2006 and repeated in October 2007.     84 
 
Figure 3. 31. Hydrogen content and volatile matter contents for the Jasper 1 Renown, Mimi 1 
Renown and Ruawaro 2 Kupakupa cores on a dry basis, db.   
 86 
 
Figure 3. 32. Example of concretions in the Waikato coal measures.   91 
 
  
Table of Contents 
 
Tennille Mares xv
 
Chapter 4: Coal Petrology        98 
 
Figure 4. 1. Suggate plot for volatile matter versus calorific value on a dry, mineral matter 
and sulphur free basis (dmmsf).       102 
 
Figure 4. 2. Results for selected samples analysed using the VIRF technique.  104 
 
Figure 4. 3. VIRF analysis results grouped by seam.     105 
 
Figure 4. 4. Distribution of coal types in the TW1 core.     106 
 
Figure 4. 5. Distribution of coal types in the Ruawaro 1 core.     107 
 
Figure 4. 6. Distribution of coal types in the Ruawaro 2 core.     108 
 
Figure 4. 7. Distribution of coal types in the Rotongaro 1 core.     109 
 
Figure 4. 8. Distribution of coal types in the Mangapiko 1 core.     110 
 
Figure 4. 9. Distribution of coal types in the Jasper 1, Mimi 1 and Baco 1 cores.  111 
 
Figure 4. 10. Percentage coal type for the Renown and Kupakupa seams.   112 
 
Figure 4. 11. Percentage vitrain shown versus coal type.     113 
 
Figure 4. 12. Average vitrain band thickness (phi size) versus coal type.   114 
 
Figure 4. 13. Coal type distribution for the Renown seam at the Beverland Road site and the 
Renown seam of the other drill holes combined.     115 
 
Figure 4. 14. Organic petrology results for samples for the Renown seam from Jasper 1 core.
           116 
Table of Contents 
 
Tennille Mares xvi
 
Figure 4. 15. Organic petrology results for samples for the Renown seam from Mimi 1 core.
           117 
 
Figure 4. 16. Organic petrology results for samples for the Kupakupa seam from Ruawaro 1 
core.          119 
 
Figure 4. 17. Organic petrology results for samples for the Kupakupa seam from Ruawaro 2 
core.          121 
 
Figure 4. 18.  (A) Maceral group averages by seam. (B) Average percentage of vitrinitic 
textural components by seam.        122 
 
Figure 4. 19. (A) Average percentage of vitrinite macerals by seam. (B) Average percentage 
of vitrinite subgroups and liptinite and inertinite macerals by seam.  123 
 
Figure 4. 20. (A) Less consolidated ‘mushy’ matrix material. (B) More consolidated matrix 
material showing preferential orientation.      125 
 
Figure 4. 21. Porosity observed in Huntly coals.      126 
 
Figure 4. 22. Average fluorescence profiles.       128 
 
Figure 4. 23. Proximate analysis results (aa) grouped by coal type.    130 
 
Figure 4. 24. Ash constituents grouped by coal type.     131 
 
Figure 4. 25. Dendrogram presenting the cluster analysis results examining relationships 
between elements and coal type for data from both the Renown and Kupakupa 
seams.          132 
 
Figure 4. 26. (A) Maceral group averages by coal type. (B) Average percentage of vitrinitic 
textural components by coal type.       133 
 
Table of Contents 
 
Tennille Mares xvii
 
Figure 4. 27. (A) Average percentage of vitrinite macerals by coal type. (B) Average 
percentage of vitrinite subgroups and liptinite and inertinite macerals by coal type. 
134 
 
Figure 4. 28. Maceral group averages by seam.       135 
 
Chapter 5: Coal microstructure               144 
 
Figure 5. 1. Linear scale size range accessible with Bragg diffraction, small angle neutron 
(SANS) and small angle X-ray scattering (SAXS) techniques, ultra SANS and 
SAXS (USANS and USAXS) and the proposed time of flight (TOF) USANS at the 
SNS Oak Ridge facility.        152 
 
Figure 5. 2. (A) Neutron scattering length density and (B) X-ray scattering length for coals, 
hydrocarbons and common minerals.      153 
 
Figure 5. 3. The principle of a small angle scattering experiment.    154 
 
Figure 5. 4. (1) Schematic graphical representation of the shape of pores as present in coal 
slices cut out in-the bedding plane (IBP) and perpendicular to the bedding plane 
(out-of-bedding plane, OBP). (2) Schematic SANS intensity profile observed with 
a 2D detector for an IBP oriented coal sample. (3) Schematic SANS intensity 
profile observed with a 2D detector for an OBP-oriented coal sample. (4) One-
dimensional SANS data averaged as described in (2) and (3) and plotted on a log–
log scale, where Q is the scattering vector (proportional to the scattering angle), 
and I is the scattering intensity.       160 
 
Figure 5. 5. An example of sample anisotropy identified in the Huntly coals.   162 
 
Figure 5. 6. Scattering curves for coal samples measured using SAXS/USAXS.  164 
 
Table of Contents 
 
Tennille Mares xviii
 
Figure 5. 7. Scattering curves for coal samples measured using SANS/USANS.  165 
 
Figure 5. 8. Comparison of SAXS/USAXS scattering curves for coal matrix and vitrain 
samples orientated perpendicular to bedding plane and SANS/USANS scattering 
curves, highlighting the region influenced by inorganic material.  168 
 
Figure 5. 9. Pore size distribution calculated from SANS/USANS and SAXS/USAXS data 
for coal matrix and vitrain samples orientated perpendicular to bedding plane. 171 
 
Figure 5. 10. A comparison of pore size distributions calculated from sample 610 using 
SAXS/USAXS data, from both the parallel and the perpendicular orientated 
samples, showing slight anisotropy.      172 
 
Figure 5. 11. Specific surface area versus probe size calculated for perpendicular orientated 
coal matrix and vitrain samples using SAXS/USAXS data.   176 
 
Figure 5. 12.  Specific surface area versus probe size calculated for coal matrix and vitrain 
samples using SANS/USANS data.      177 
 
Figure 5. 13. Comparison between specific surface area (cm2/cm3) for coals of different 
ranks and the Huntly samples extrapolated to probe diameter 4 Å from SANS and 
nitrogen adsorption techniques (N2 BET).     179 
 
Figure 5. 14. Specific surface area (cm2/cm3) for coal samples extrapolated to probe 
diameter 4 Å from SANS/USANS and SAXS/USAXS data for both perpendicular 
and parallel to bedding plane orientated samples.     180 
 
Figure 5. 15. The anisotropy of specific surface area (SSA) calculations for probe sizes of 4 
Å, 20 Å, 500 Å and 1000 Å as quantified by the SAXS/USAXS dataset. 181 
 
Figure 5. 16. Porosity of coal samples calculated from SANS/USANS data for the range 10 – 
100,000 Å (1 nm – 10 μm).       183 
 
Table of Contents 
 
Tennille Mares xix
 
Figure 5. 17. Average porosity by seam calculated from SANS/USANS data for the range 10 
– 100,000 Å (1 nm – 10 μm).       183 
 
Figure 5. 18. Proportion of specific surface area (SSA) contributed by the different pore size 
classes.           184 
 
Figure 5. 19. Porosity of coal samples from this study, calculated from SANS/USANS data 
and plotted with respect to carbon % dry ash free (daf), compared to porosities 
reported in other published studies.      185 
 
Figure 5. 20. Calculated volume fraction for each shape for the sample 323 average 
scattering curve compared to ash yield.      188 
 
Figure 5. 21. Possible shapes calculated for the inorganic material.    190 
 
Chapter 6: Gas Properties                196 
 
Figure 6. 1. Methane adsorption isotherms from the Huntly Coalfield showing samples taken 
pre-desorption (fresh) and post-desorption isotherms.    203 
 
Figure 6. 2. Fresh adsorption isotherms from the Huntly coalfield.    204 
 
Figure 6. 3. Fresh adsorption isotherms by seam.      205 
 
Figure 6. 4. (A) Methane and (B) carbon dioxide adsorption isotherms.   207 
 
Figure 6. 5. Ratio of carbon dioxide to methane adsorption versus rank.   208 
 
Figure 6. 6. Vertical profiles of total gas content (aa) for the TW1 drill hole.  209 
 
Figure 6. 7. Vertical profiles of total gas content (aa) for the Ruawaro 1 drill hole.            210 
Table of Contents 
 
Tennille Mares xx
 
Figure 6. 8. Vertical profiles of total gas content (aa) for the Ruawaro 2 drill hole. 211 
 
Figure 6. 9. Vertical profiles of total gas content (aa) for the Rotongaro 1 drill hole. 212 
 
Figure 6. 10. Vertical profiles of total gas content (aa) for the Mangapiko 1 drill hole. 213 
 
Figure 6. 11. Vertical profile of total gas content (aa) for the Jasper 1 drill hole.  214 
 
Figure 6. 12. Vertical profile of total gas content (aa) for the Mimi 1 drill hole.   215 
 
Figure 6. 13. Vertical profile of total gas content (aa) for the Baco 1 drill hole.  215 
 
Figure 6. 14. Average total gas content (daf) by drill hole, where both seams have been 
cored.          216 
 
Figure 6. 15. Average total gas content (daf) by seam for drill holes where both seams have 
been cored.          217 
 
Figure 6. 16. Average total gas content (daf) for the Renown seam for all drill holes. 218 
 
Figure 6. 17. Average total gas content (daf) for coal from the Beverland Road location 
versus results combined from other locations.     219 
 
Figure 6. 18. Adsorption isotherms for the ten Jasper 1 samples.    222 
 
Figure 6. 19. (A) Vertical profiles of total gas content and gas adsorption capacity showing 
no relationship between the two. (B) Saturation profile of Jasper 1.  224 
 
Figure 6. 20. Results of assessment of how many gas adsorption capacity samples are 
required to be within one standard deviation of the overall mean.  226 
 
Figure 6. 21. Results of assessment of how many gas desorption samples are required to be 
within one standard deviation of the overall mean.    226 
 
Table of Contents 
 
Tennille Mares xxi
 
Figure 6. 22. Results of assessment of how many gas saturation analyses are required to be 
within one standard deviation of the overall mean.    227 
 
Figure 6. 23. Gas isotopes from the Huntly coalfield showing the secondary biogenic origin 
of the gas.          229 
 
 
Chapter 7: Gas associations                        238 
 
 
Figure 7. 1. Moisture content (aa) versus total gas content (aa) by location.  241 
 
Figure 7. 2. Total gas content (db) versus percentage ash (db) for (A) all data and (B) 
samples with ash yields <10%.       242 
 
Figure 7. 3. The association of hydrogen content (db), volatile matter (db) and average 
fluorescence with total gas content (db).      244 
 
Figure 7. 4. Percentage vitrain plotted against total gas content.    245 
 
Figure 7. 5. Average vitrain band thickness (phi size) versus average total gas content (daf) 
by drill hole.         246 
 
Figure 7. 6. Average normalized total gas displayed by coal type on a dry ash free (daf) basis 
+/- 1 standard deviation (SD).       248 
 
Figure 7. 7. All figures present data from the Renown seam at the Jasper 1 location (A) Lost, 
measured and residual gas content (aa). (B) Lost gas content (aa) and ash yield 
(aa). (C) Lost gas (aa) and vitrinite content (mmf). (D) Total gas content (aa) and 
collodetrinite content (mmf).       253 
 
Figure 7. 8.  (A) Adsorption capacity (aa) and inertinite content (mmf), and (B) adsorption 
capacity (aa) and sporinite content (mmf) in the Jasper 1 Renown seam core. 255 
Table of Contents 
 
Tennille Mares xxii
 
Figure 7. 9. Dendrogram presenting the results of cluster analysis of data from the Renown 
seam at the Jasper 1 location.       256 
 
Figure 7. 10. All figures present data from the Kupakupa seam at the Ruawaro 2 location (A) 
Lost, measured and residual gas content (aa). (B) Lost gas content (aa) and 
funginite content (mmf). (C) Measured gas content (aa) and inertinite content 
(mmf). (D) Residual and total gas contents (aa) and vitrinite content (mmf). (E) 
Total gas content (aa) and detrovitrinite content (mmf).    260 
 
Figure 7. 11. Dendrogram presenting the results of cluster analysis of data from the 
Kupakupa seam at the Ruawaro 2 location.     261 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table of Contents 
 
Tennille Mares xxiii
 
List of Tables 
 
 
Chapter 2: Methods         13 
 
Table 2. 1. Maceral classification scheme.       26 
 
Chapter 3: Coal composition        40 
 
Table 3. 1. Average proximate results by seam for the TW1 location.   44 
 
Table 3. 2. Average proximate results by seam for the Ruawaro 1 location.  46 
 
Table 3. 3. Average proximate results by seam for the Ruawaro 2 location.  47 
 
Table 3. 4. Average proximate results by seam for the Rotongaro 1 location.  49 
 
Table 3. 5. Average proximate results by seam for the Mangapiko 1 location.  50 
 
Table 3. 6. Average proximate results by seam for the Jasper 1 location.   52 
 
Table 3. 7. Average proximate results by seam for the Mimi 1 location.   53 
 
Table 3. 8. Average proximate results by seam for the Baco 1 location.   53 
 
Table 3. 9. Mineral matter counts for the Jasper 1 samples.     76 
 
Table 3. 10. Mineral matter counts for the Mimi 1 samples.     77 
 
Table of Contents 
 
Tennille Mares xxiv
 
Table 3. 11. Mineral matter counts for Ruawaro 1 Kupakupa samples.    80 
 
Table 3. 12. Mineral matter counts for Ruawaro 2 Kupakupa samples.   81 
 
Table 3. 13. Average forms of sulphur from the TW1 drill hole on a dry basis, db.  81 
 
Table 3. 14. Ultimate analysis results by location on a dry basis, db.   87 
 
Chapter 4: Coal petrology        98  
 
Table 4. 1. Measured vitrinite reflectance (Rmax%) on seam composites.   100 
 
Table 4. 2. Percentage composition of coal types in core at each location.   112 
 
Table 4. 3. Average phi size for each location by seam.     113 
 
Table 4. 4. Maceral group seam averages (mmf) by seam including data from TW1 (Butland, 
2006) and for profiles P9-P14 (Edbrooke et al., 1994).    124 
 
Table 4. 5. Correlation table comparing average fluorescence by seam with coal chemistry 
and composition.         129 
 
Table 4. 6. Average ultimate analysis results by coal type (db).    132 
 
Table 4. 7. Correlation table comparing the ‘inorganically bound’ ash constituents by 
location with coal composition.       136 
 
Chapter 5: Coal microstructure               144 
 
Table 5. 1. Drill holes and properties of samples used for small angle scattering analyses. 156 
 
Table of Contents 
 
Tennille Mares xxv
 
Table 5. 2. Petrography of some matrix samples used for small angle scattering analyses. 157 
 
Table 5. 3. Values of parameters A and B obtained by fitting the power law model f(r) = Ar-
B to the data presented in Figure 5.9.      173 
 
Table 5. 4. Specific surface areas (m2/cm3) at a probe size of 4 Å extrapolated from small 
angle scattering data.        178 
 
Table 5. 5. Correlation table comparing coal microstructure with coal composition. 186 
 
Table 5. 6. Average shape fitting solutions for the analysed samples.   189 
 
Table 5. 7. Average external radius, thickness and height for calculated shapes.  189 
 
Chapter 6: Gas properties                196 
 
Table 6. 1. Adsorption isotherm data for all samples collected from the Huntly coalfield. 203 
 
Table 6. 2. Gas adsorption capacities at reservoir pressure 4MPa.    206 
 
Table 6. 3. Average gas contents by seam (daf) where both seams have been cored. 217 
 
Table 6. 4. Average gas contents (daf) of the Renown seam from all locations.  219 
 
Table 6. 5. Total gas content, gas adsorption capacity and saturation by canister on average in 
situ basis.          223 
 
Table 6. 6. Mean gas composition (from 41 measurements) from the Renown and Kupakupa 
coal seams.          228 
 
Table 6. 7. Gas isotope data from the Huntly Coalfield.     228 
 
Table of Contents 
 
Tennille Mares xxvi
 
Chapter 7: Gas associations                238  
 
Table 7. 1. Correlation table comparing proximate analysis data with gas content (aa). 240 
 
Table 7. 2. Correlation table comparing ultimate analysis data (db) with total gas content 
(db).          243 
 
Table 7. 3. Analysis of variance (ANOVA) results conducted on the normalized coal type 
dataset comparing the extremes, the bright luster, non banded coal (BNB), and the 
bright luster, highly banded coal (BHB).      247 
 
Table 7. 4. Correlation table comparing organic petrology data (mmf) with gas content (aa) 
by seam.          249 
 
Table 7. 5. Correlation table comparing proximate analysis (aa), ultimate analysis (db), 
organic petrology and data (mmf) with gas content (aa) and adsorption capacity 
(aa; both including and excluding sample J6) for the Renown seam at the Jasper 1 
location.          251 
 
Table 7. 6. Correlation table comparing proximate analysis (aa), ultimate analysis (db), 
organic petrology and data (mmf) with gas content (aa) for the Kupakupa seam at 
the Ruawaro 2 location.         258 
 
Table 7. 7. Correlation table comparing gas adsorption capacities with coal microstructure.
           263 
 
 
 
 
 
Abstract 
 
 
 
 The exploration for unconventional energy reserves has rapidly increased over the last 
five to ten years. Currently, there are a number of companies actively exploring for coalbed 
methane (CBM) in New Zealand. This study investigates one of these prospects, the 
subbituminous Huntly coalfield. 
 
Coal core was retrieved from the two major seams in the coalfield, the Renown and 
the Kupakupa. Three coals types were identified (1) bright lustre, non-banded, (2) bright 
lustre, moderately banded and (3) bright lustre, highly banded. As the degree of banding 
increases, the average thickness of the vitrain bands increase, the amount of structured 
vitrinite macerals also increase and the vitrodetrinite content decreases. The Renown seam is 
predominantly composed of bright non-banded coal while in the Kupakupa seam the more 
banded coal types are dominant.  
 
On average, the Renown seam has both the capacity to hold more gas and has higher 
gas contents than the stratigraphically lower Kupakupa seam. Additionally, gas content, on 
average, was found to be highest in intervals of the non-banded coal type and lowest in the 
highly banded coal type. Cluster analysis found that gas content is associated with hydrogen, 
volatile matter, calorific value and collodetrinite. As such, gas appears to be preferentially 
retained/produced in the matrix-dominated material. While not causally linked with gas 
content, gas holding capacity showed associations with the sporinite, inertodetrinite, funginite 
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and vitrodetrinite; of note, these macerals are highest in the non-banded coal type. Gas 
holding capacity is thought to be a function of coal texture. 
 
Ash yield was found to inversely affect total gas content when ash yield is >10%. 
Below 10%, it is thought that inorganic elements are organically bound. The small angle 
scattering analysis indicated that inorganic matter was in the 12.5 Å < r < 125 Å pore size 
range. The influence of inorganic material was more noticeable in vitrain than matrix samples 
and is proposed to exist as thin inorganic coatings. 
 
 Total porosity of the Huntly coal is primarily composed of micropores with 
macroporosity only contributing a small proportion. In addition, the specific surface area of 
the coals is also largely contributed by the micropores. Methane holding capacity on a dry, 
ash-free basis showed positive correlations with both micro- and macroporosity. When 
methane holding capacity was considered on an ‘as analysed’ basis, correlation was only 
identified with macroporosity. Possibly gas holding capacity is affected by the presence of 
moisture blocking access to gas adsorption sites in smaller pores. 
 
Considerable variation is present in both gas adsorption and gas desorption results 
between drill holes, between seams and also within individual seam intersections. Gas 
adsorption capacity and gas content are used to calculate % saturation for a reservoir, a key 
assessment parameter. It was found that multiple samples of both gas adsorption capacity and 
gas content are required to reduce the uncertainty around the calculated % saturation (at least 
three of each in the current study). Additionally, adsorption isotherm samples need to be 
collected as fresh as possible to minimize oxidation and moisture loss. Delaying sample 
analysis was found to result in an overestimation of gas adsorption capacity.  
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Chapter One 
 
Introduction 
 
 
 
 
Changing key market drivers worldwide have resulted in the exploration for, and 
development of, unconventional energy reserves such as coalbed methane (CBM), i.e. 
methane naturally occurring within coal seams. Although CBM has been extracted from high 
rank coals for at least the past two decades, until the success of work in the Powder River 
Basin, U.S.A., low rank coals containing biogenic methane gas have not been thought to 
contain sufficient CBM to be economically producible. Natural gas (methane – CH4) is an 
important source of clean fossil-fuel energy that is experiencing growing demand in New 
Zealand and elsewhere. At the same time there has been a reduction in supply from existing 
conventional natural gas fields. This has prompted investigation for CBM potential in New 
Zealand (Hayton et al., 2004; Johnson, 2004; Manhire and Hayton, 2003; Moore et al., 2004; 
2002; Stepanek, 2008; Twombly et al., 2004).  
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Unlike conventional hydrocarbon plays, coal acts as both the source and the reservoir 
for the gas, meaning that the coal should be either (1) sealed by an impermeable layer, (2) be 
under a sufficient hydrostatic pressure or (3) have low permeability to prevent the gas from 
migrating out of the coal. For a coal bed to contain methane, there must be capacity within 
the coal to store the gas, and of course the methane has to have been generated (either 
biogenically or thermogencially). Variability in gas content can be the result of coal rank, 
type and grade.  For commercial amounts of gas to flow, the CBM reservoir has to have some 
degree of permeability. Generally there are two scales of permeability present in coal, a 
macroscopic system composed of regular, persistent fractures (Close, 1993) and a 
microscopic system consisting of pores and cavities (Gamson et al., 1996). Hence the 
microstructural properties of the coal play an important role in both gas storage and gas 
transportation.  
 
The development of CBM plays in low rank coal deposits is still in its infancy. 
Worldwide there have been very few studies of the characteristics specific to low rank coals, 
and the studies that have considered them often use very limited datasets. The current study 
will contribute to filling this gap, both in the knowledge gained and in the extent of the 
dataset. In addition to presenting a large dataset on the coal and gas properties of a Tertiary 
low rank coal deposit, it is hoped that the results produced will benefit reservoir modelers as 
well as future explorers in terms of sampling techniques and site selection. 
 
Looking to the future, there is also increasing concern over the environmental impact 
of anthropogenic greenhouse gas emissions, particularly carbon dioxide (CO2), with targets 
and taxes being implemented to decrease gas release to the atmosphere. With coal, oil and 
natural gas currently supplying around 85% of the world’s energy requirements, together 
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with the abundance of fossil fuels and the significant infrastructure already in place, it is 
likely that burning of fossil fuels will continue to be the dominant form of energy for at least 
25 to 50 years (Kaldi and Cook, 2006). As such, attention has turned to the capture and 
storage of CO2 in geological structures. One of the options being explored is the sequestration 
of CO2 into deep, unmineable coal seams, with the additional possibility of production 
through enhanced coal bed methane (ECBM). This has also been examined in the Huntly 
coalfield (Mares and Zarrouk, 2008; Zarrouk and Moore, 2007; 2009). Although not the 
focus of this thesis, much of the work presented here has relevance to ECBM and CO2 
sequestration. With this in mind, some data are presented on carbon dioxide storage capacity. 
 
1.1. Objectives 
 
In the current study, the overall objective was to characterize coal from the Huntly 
coalfield, a prospective CBM play, at both the macroscopic and microscopic levels, and to 
identify the influences these coal properties have on gas content and gas holding capacity.  
 
In order to accomplish this objective, the aims were as follows: 
• To classify and log the distribution of macroscopic coal type in retrieved coal cores.  
• To characterise the chemical composition (both organic and inorganic) of the coal and 
to consider the mode of occurrence of inorganic elements present in the coal. 
• To investigate the organic petrology of the coal and its relationship to coal chemistry 
and macroscopic coal type. 
• To determine gas content and gas holding capacity from the coal seams in the Huntly 
coalfield. 
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• To investigate the microstructural features of the coal such as specific surface area 
available for gas adsorption, total porosity, pore size distribution and pore 
morphology. 
 
The thesis is composed of eight chapters, five of which present results. The first three 
results chapters (Chapters 3, 4, and 5) consider the coal chemistry (both organic and 
inorganic), the coal petrology (macroscopic and microscopic) and the coal microstructure 
(small angle scattering study) separately. The fourth results chapter (Chapter 6) presents the 
gas properties of the Huntly coalfield without consideration of coal properties, and the final 
results chapter (Chapter 7) considers the gas properties in relation to coal properties. 
 
1.2. Location 
 
The two major coal seams present in the Huntly coalfield, the Renown and Kupakupa 
seams (Fig. 1.1 and 1.2), are located within the Waikato Coal Measures (Edbrooke et al., 
1994). The coal measures are typically 50 – 100 m thick and are dominated by claystone and 
siltstone lithologies (Kirk et al., 1988). The Waikato Coal Measures are thought to have 
formed in a fluvial-dominated environment with extensive mire complexes located in areas 
restricted from sediment input (Edbrooke et al., 1994; Newman et al., 1997).  
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Figure 1. 1. Location of the Waikato coalfields, coloured grey, with the Huntly coalfield coloured red, 
North Island, New Zealand. 
 
 
The Renown seam tends to be located in the upper half of the coal measures and is 
generally less extensive, more split and thinner (<8 m) than the Kupakupa seam (Fig. 1.3). 
The Kupakupa seam, found in the lower half of the coal measures, is typically 3 – 12 m in 
thickness, occasionally exceeding 20 m. Generally the Kupakupa is separated from the 
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Renown by approximately 20 m of interburden, although locally this can be only a few 
metres and in a few locations the seams merge (Newman et al., 1997). Lateral thickness 
variations, particularly in the Kupakupa, are often quite rapid (Edbrooke et al., 1994) and are 
interpreted to have been controlled by basement paleotopography and fluctuations in 
sediment supply (Hall, 2003; Hall et al., 2006). Both seams are generally low in sulphur and 
have low to medium ash yields (Edbrooke et al., 1994; Newman et al., 1997). In the study 
area of this thesis the groundwater table resides at about 20 m below surface. 
 
 
 
 
 
Figure 1. 2. Stratigraphic column showing typical stratigraphy of the Huntly coalfield, New Zealand 
(modified from (Hall et al., 2006)). The three coal seams in the Waikato Coal Measures in this area are 
the Ngaro, the Renown and the Kupakupa. 
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The depth of the coal beds ranges from essentially zero at the sub-crop, to over 850 m 
in the most northern parts of the coal field (Edbrooke et al., 1994). The present target depths 
for CBM production in the Huntly coalfield lie generally between 350 and 600 m. These 
depths are dictated by the depth of local underground mining (to depths of approximately 300 
m) and the significant reduction in permeability below 600 m. Only normal faults exist in the 
coalfield and these are thought to all have occurred after deposition of the coal measures 
(Hall et al., 2006). Major faults (>20 m throw) occur about every 2 - 5 km and most of these 
trend northeast-southwest (Edbrooke et al., 1994; Hall et al., 2006). The cleat system has 
been determined to be sub-parallel to the strike of the normal faults (Cameron, 1995). 
 
The coal seams in the Huntly coalfield are subbituminous C to A in rank (Edbrooke et 
al., 1994; Newman et al., 1997) and have reported Ro values of 0.42 – 0.52% (Edbrooke et 
al., 1994; Li et al., 2009; Vu, 2008; Vu et al., 2008). At this low rank, coal seam gas 
generation is thought to be of biogenic origin, similar to the coal seams in the Powder River 
Basin (Flores et al., 2008; Rice, 1993). Previous studies indicate that the gas is primarily of 
secondary biogenic origin generated by the reduction of CO2 (Butland and Moore, 2008; 
Moore and Butland, 2005; Moore and Twombly, 2006). CBM gas has been produced from 
the pilot pod since late 2007 (Stepanek, 2008). 
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Chapter Two 
 
 Methods 
 
 
 
 
To determine the effect of coal properties on gas content and holding capacity, coal 
was collected from eight drill holes cored as part of a CBM prospect assessment (2006). One 
drill core was collected in 2003 (TW1; see Butland and Moore (2008), Moore and Butland 
(2005) and Twombly et al. (2004)), four during 2005 (Ruawaro 1, Ruawaro 2, Rotongaro 1 
and Mangapiko 1) and three in 2006 (Baco 1, Mimi 1 and Jasper 1). All coal cores were 
collected from the northern part of the Huntly coalfield (Fig. 2.1). TW1 and the drill holes 
cored in 2005 targeted both the Renown and Kupakupa coal seams, while the 2006 holes 
cored only the Renown seam. The thin Ngaro seam was not present in all locations and, 
where present, was frequently used as a marker to change from rotary (‘open hole’) drilling to 
wireline1 coring. As such, and due to its inconsistent nature, the Ngaro seam is a ‘bonus’ to 
production rather than a target and will not be addressed further in this study. 
                                                 
1 Wireline core drilling is a type of core drilling where a barrel of core can be removed from the bottom of the hole without 
removing the entire rod string. 
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Figure 2. 1. Location of the drill holes utilised in this study. Red circles indicate drill holes cored in both 
the Renown and Kupakupa seams, yellow circles indicate drill holes cored in the Renown seam only and 
black circles indicate non-cored CBM holes drilled in this area prior to 2008. 
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All cores were retrieved using a wire-line coring system in order to minimize loss of 
gas during the time taken to bring the core to the surface. Once at the surface, the coal core 
was immediately taken from the core barrel (Fig. 2.2), quickly described to identify any 
inorganic partings and sealed within PVC gas desorption canisters (see Moore et al. (2004) 
for procedures). 
 
 
 
Figure 2. 2. Opening the core barrel at the Jasper-1 site. 
 
2.1. Gas properties  
 
Standard procedure in assessing CBM plays is to determine how much gas a coal can 
hold (adsorption), quantify how much gas the coal is currently holding (desorption), and from 
these analyses determine how full (saturated) a reservoir is. In addition to these analyses gas 
composition is frequently assessed to identify the genesis of the gas (biogenic or 
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thermogenic) using isotopic analyses. The gas quality (percentage methane content) is also 
measured to establish the economic value of the gas reservoir.  
 
2.1.1. Gas adsorption  
 
Samples for adsorption were collected to assess the potential methane holding 
capacity of the target coal seams. Adsorption samples were collected both from the freshly 
retrieved core (i.e. pre-desorption) and after the core was desorbed for approximately 10 days 
(i.e. post-desorption).  
 
Pre-desorption core samples of approximately 0.15m in length (or approximately 
250g) were collected soon after the core barrel was opened and these samples were sealed in 
plastic film, wrapped in aluminium foil and finally placed in an air-tight plastic bag with the 
aim of minimizing oxidation and desiccation. For post-desorption samples representative 
splits of the coal were taken from the gas desorption canister material after desorption was 
completed. Eight methane adsorption samples were collected from both seams. Three pre-
desorption samples from each seam were also analysed for carbon dioxide adsorption 
capacity to assess the potential for future enhanced-CBM and carbon dioxide sequestration. 
 
Adsorption analyses were conducted according to procedures outlined by Crosdale et 
al. (Crosdale et al., 2008) and Moore and Crosdale (2006) at a reservoir temperature of 
approximately 32 °C (Moore and Crosdale (2006), see also Zarrouk and Moore (2007) for 
how the geothermal gradient for the area was determined). All gas adsorption analyses were 
conducted at the same laboratory (Energy Resources Consulting, Australia) under the same 
temperature (~32°C) and equilibrium moisture (~20%) conditions. For methane gas nine 
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pressure steps were used up to a maximum pressure of 8 MPa while for carbon dioxide seven 
pressure steps were used to 5 MPa. At each pressure step a fixed volume of gas was 
introduced and monitored to the nearest 1 kPa until there was no change in pressure for a 
period of at least 1 hour. Equilibrium generally took around 2 - 4 hours to obtain. Adsorption 
isotherms for both gases were fit to the Langmuir equation assuming a mono-layer gas 
adsorption mechanism (Gregg and Sing, 1982) and results have been standardized to 20°C 
and 1 atmosphere pressure (101.3 kPa). 
 
2.1.2. Gas desorption  
 
All coal and any surrounding material that had visible gas was quickly separated into 
approximately 0.5 m lengths and sealed in gas desorption canisters with the aim of 
minimizing time of coal exposure and gas loss (for canister design see Moore et al. (2004) 
and Barker et al. (2002)). Overall 163 canisters were collected, 85 in the Renown seam and 
78 in the Kupakupa seam. The Kupakupa seam was not cored in the Baco 1, Mimi 1 and 
Jasper 1 drill holes.  
 
The canisters were maintained at reservoir temperature during desorption analyses 
using a heated water bath (Fig.2.3), and later a controlled temperature room, with gas volume 
readings initially being taken every 15 minutes. The time interval between readings was 
increased as the desorbed volume of gas decreased (Barker et al., 2002; Moore and Butland, 
2005; Moore et al., 2004). The canisters for the drill holes cored in 2005 and 2006 were 
generally only desorbed over a 10 day period.  
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Residual gas was determined using methods outlined in Moore et al. (2004) and 
Moore and Butland (2005), while the lost gas correction and total gas volume were calculated 
using the Barker et al. (2002) methodology. It is important to note that this method does not 
take free gas into consideration (Bodden and Ehrlich, 1998). 
 
 
 
Figure 2. 3. Gas desorption set up- water baths, desorption canister and manometer. 
 
 
2.1.3. Gas variation and saturation 
 
To address variability in gas content, gas holding capacity and hence saturation, a 
complete seam profile was sampled from the Renown seam in the Jasper 1. This part of the 
study was designed so that all results could be considered on a canister by canister interval 
basis with the aim of assessing the uncertainty and variability present in standard reservoir 
assessment parameters and ultimately to determine the number of samples required to 
estimate reservoir saturation. 
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As gas desorption and adsorption data (post-desorption) was collected for each 
canister sample (as described in Sections 2.1.1 and 2.1.2), saturation was also able to be 
calculated for each canister interval and reported on an in-situ basis using the formula:  
 
Saturation =  1-[(adsorption – desorption)/adsorption]    (2.1) 
 
Average in-situ basis, data corrected to seam average moisture and ash contents, has been 
used as it is thought to be the best representative of reservoir conditions. This method has 
also been suggested as the most accurate basis to use for estimates of gas in-place (Mavor and 
Nelson, 1997). 
 
Coalbed methane plays draw gas from the whole seam and not just selected parts of 
the seam. Therefore, in the exploration stage, accurately assessing the behavior of the whole 
seam intersection is necessary. To consider what would have been the minimum number of 
samples needed from the 10 canisters in order to approximate the mean within ‘acceptable’ 
limits of uncertainty the mean of the ten samples for adsorption and desorption were taken as 
representative for the seam. Each adsorption or desorption value for a canister was assigned a 
random number. These numbers were then selected randomly and averaged accordingly. 
Thus, the first two in the sequence was averaged. Then the first three were averaged, then the 
first four and so on till all 10 were averaged and thus representing the ‘true’ mean. This 
procedure (i.e. randomly selecting the sample order) was repeated ten times, giving ten lines. 
A more statistically rigorous investigation of this question, with the aid of a statistician is 
presented in Mares et al. (2009). 
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2.1.4. Gas composition analysis  
 
Gas composition was conducted on representative coal-seam gas samples collected 
from several canisters within each drill hole using Teflon bags and analysed using procedures 
described in Pope (2005). All analyses were conducted at CRL Energy Ltd. Laboratories. To 
confirm the biogenic origin of the gas, carbon stable isotopes of methane (methane δ13C and 
δD) were also analysed; the procedures have been thoroughly described elsewhere including 
Lyon and Giggenback (1994) for New Zealand coal seam gases.  
 
2.2. Coal composition 
 
Coal composition can be broken into three major components: (1) macroscopic 
analysis of coal core is conducted to quantify the visual character of the coal, (2) microscopic 
analysis of representative samples can be used to understand the coal formational 
environment and to predict some coal properties and behavior during utilization, and (3) coal 
chemistry which is influenced by maceral composition, organically bound elements and 
mineral matter. 
 
2.2.1. Macroscopic description technique 
 
To gain an understanding of the macroscopic variation of the Huntly coal, once the 
coal sample was removed from the desorption canisters it was classified by coal type and also 
point counted for vitrain bands. In the Huntly coal basin, three primary coal types have been 
recognized (Ferm et al., 2000; Newman et al., 1997) and are distinguished visually, hence 
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qualitatively, by the degree of vitrain banding present (with a 0.5mm diameter minimum cut 
off for measuring vitrain). The coal types were identified as follows: (a) bright luster, non 
banded (BNB), (b) bright luster, moderately banded (BMB), and (c) bright luster, highly 
banded (BHB) (Fig. 2.4). The latter two coal types roughly correspond to the bright, vitrain 
banding <20% and bright, vitrain banding >20% as described in Ferm et al. (2000) and 
Newman et al. (1997). The names were changed as a section of coal qualitatively called and 
then described as bright, vitrain banding <20% (i.e. up to 20% of the surface area consisting 
of vitrain material) did not necessarily equate to <20% vitrain counts (i.e. could consist of 
many thin bands up to 30% of point counts or a few thick bands equaling only around 10% of 
counts).   
 
 
 
Figure 2. 4. Coal types identified in the Huntly coalfield are: (A) bright luster, non banded coal (BNB), 
(B) bright luster, moderately banded coal (BMB), and (C) bright luster, highly banded coal (BHB). 
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Within each section, coal type banding was quantified by point counting matrix 
versus vitrain bands on 1cm spacing, with the vitrain band thickness in the shortest dimension 
being recorded (Moore and Ferm, 1992; Shearer and Moore, 1994b). Vitrain band thickness 
data was transformed to the phi (φ) scale (–log2) as it has been shown that organic 
components, like other sediments, display log normality in their size distribution, making the 
phi scale ideal for comparing components from different coal types (Moore and Hilbert, 
1992; Shearer and Moore, 1994b). 
 
A coal type dataset was produced to determine the association of specific coal types 
with gas content; thus, for this analysis any canisters containing more than one coal type were 
removed from this analysis, reducing the data set to 100 canisters – 42 in the Renown and 58 
in the Kupakupa seam. Coal types are not evenly distributed across all locations and some 
locations have more than double the gas content of others. As such, in order to consider the 
relationship between coal type and gas content, without any location specific bias, the dataset 
was normalized by drill hole and by seam (and also removing samples with >20% ash yield) 
using the formula: 
 
z = (x–μ)/σ           (2.2) 
 
Where: z is the normalized total gas content  
x is total gas content on a dry ash free (daf) basis 
μ is the average seam total gas content at each location  
σ is the standard deviation (Moore and McCabe, 1999). 
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2.2.2. Coal microscopic composition 
 
As maceral compositions from TW1 and around the Waikato coalfields have been 
presented previously (Butland and Moore, 2008; Edbrooke et al., 1994; Newman et al., 1997) 
it was decided to concentrate on the locations of most interest (i.e. those with the highest gas 
contents) to ascertain if there was any correlation between coal composition and gas content 
variability. Complete profiles of the Renown seam at Jasper 1 and Mimi 1 were completed 
along with Kupakupa seam profiles from Ruawaro 1 & 2. Other canister intervals were 
selected to complement the microstructural study (Section 2.4).  Maceral groups on the 
sampled 0.5 m intervals were quantified by point-counting a random sample of 500 grains, 
250 points on each of the two prepared pellet samples, following procedures set out in ASTM 
D2799 (ASTM, 2005).  
 
As the Huntly coals are subbituminous in rank they border the region between brown 
and black coals and either terminology scheme, huminite or vitrinite, is acceptable for use 
(Sýkorová et al., 2005). Black coal terminology was utilized to be comparable with previous 
studies of coal from the Huntly coalfield (Butland, 2006; Butland and Moore, 2008; 
Edbrooke et al., 1994) following standard ICCP nomenclature (ICCP, 1998). Some 
modifications were made to the ICCP nomenclature (ICCP, 1998; ICCP, 2001) to try to 
capture features, such as porosity and structure, which might impact on gas adsorption (See 
Table 2.1). Modifications are as follows: 
 
• Collotelinite was divided into four different size categories with the option of being 
combined later on. The ICCP vitrinite nomenclature scheme (ICCP, 1998) separates 
collotelinite from vitrodetrinite at 10 µm while Butland and Moore (2008) made a 
distinction between ‘cell filling’ telovitrinite and ‘band’ telovitrinite at 20 µm, with 
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‘large’ telovitrinite at >100 µm. To combine both of these schemes divisions are: (1) 
‘collotelinite A’- 10-20µm which is typically larger isolated corpocollinite bodies (see 
below) not captured by vitrodetrinite, (2) ‘collotelinite B’- 20-50µm, typically thin 
bands, (3) ‘collotelinite C’- bands between 50-100µm thick, and (4) ‘collotelinite D’- 
large homogenous areas >100µm is size. Thicknesses were measured along the 
shortest dimension. 
• The maceral corpogelinite occurs as structureless bodies of humic cell fillings either 
within tissue structure or isolated within the matrix. As the macroscopic work 
suggested that texture may influence gas properties in the Huntly coals, it was decided 
to capture the corpogelinite in structured tissue under the term ‘corpocollinite’ with 
the smaller isolated bodies falling into the vitrodetrinite category and the larger ones 
into collotelinite A. 
• Because of the coal rank some degraded cell lumens, and wood tissue are more 
accurately described as porigelinite, a granular, porous gel that sometimes contains 
fine liptinite particles. Petrographically the gel appears very similar to collodetrinite, 
which is also an amorphous product of tissue degradation, with the distinguishing 
criteria being that generally porigelinite does not envelop other macerals. Edbrooke et 
al. (1994) dealt with this issue by referring to all porigelinite as collodetrinite 
regardless of location. However, in this study texture is of particular interest and thus 
it was decided to use the term ‘porigelinite’ to identify porous cell lumens in 
structured material with other non-structured material being described as 
‘collodetrinite’.  
 
On each pellet sample for the first ten telovitrinite grains encountered showing 
porosity (typically collotelinite C and D) the pores were examined in UV light to determine if 
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the pores were filled with resin. This was done with the aim of estimating the proportion of 
‘open’ pores. Additional telovitrinite grains showing porosity were tallied to obtain an 
estimate of the proportion of telovitrinite containing porosity. 
 
Table 2. 1. Maceral classification scheme, modified from (ICCP, 1998; ICCP, 2001). 
 
Maceral Group Subgroup Maceral 
Vitrinite 
Telovitrinite 
Telinite 
Collotelinite A-D 
Detrovitrinite 
Vitrodetrinite 
Collodetrinite 
Gelovitrinite Corpocollinite Porigelinite 
Liptinite 
Cutinite 
Suberinite 
Sporinite 
Resinite 
Liptodetrinite 
Alginite 
  Bituminite 
Inertinite 
Fusinite 
Semi-fusinite 
Funginite 
Inertodetrinite 
Macrinite 
  Micrinite 
Mineral Matter 
Quartz 
 
Clay 
Mica 
Sulphide 
Carbonate 
  Iron oxide 
 
 
 Mean vitrinite fluorescence results are thought to be linked to hydrogen and/or 
volatile matter content of coals and have also been suggested to reflect the activity of 
methanogenic and sulfate-reducing bacteria (Quick, 1994). To investigate this possibility, 
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mean vitrinite fluorescence was determined for each of the Jasper 1 Renown samples and the 
Kupakupa samples from Ruawaro 2 using methods described by Quick (1992; 1994). 
 
2.2.3. Coal rank 
 
Rank of the Huntly coal was assessed in two ways, by vitrinite reflectance and 
Suggate Rank. Mean maximum vitrinite reflectance (Rmax) of collotelinite was determined by 
Newman Energy Research using method ISO 7404-5 (1994) on representative seam 
composites from the Renown seam (for Jasper 1 and Mangapiko 1), and from the Kupakupa 
seam (for Ruawaro 2 and Mangapiko 1). Vitrinite reflectance was further examined with 
vitrinite-inertinite reflectance and fluorescence (VIRF) analyses on three samples from the 
Renown seam in Jasper 1 and three from the Kupakupa seam in Ruawaro 2 (Newman et al., 
2000). For VIRF analyses random reflection and fluorescence was measured on around 
twenty-five different grains capturing the range of vitrinite and inertinite macerals present. 
Suggate plots can also be used to differentiate between type and rank differences. Suggate 
plots were generated using methods described in Suggate (1959; 2000) and Butland (2006). 
 
2.2.4. Coal chemical composition 
 
 
Once the canisters were decommissioned from desorption, the residual gas content 
determined and the coal macroscopically described, the remaining coal was submitted for 
proximate analysis (at the CRL Energy Ltd laboratories in New Zealand). Analysis methods 
used were ISO 5068–2 for moisture (ISO, 2006), ISO 1171 for ash yield (ISO, 1997), ISO 
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562 for volatile matter (ISO, 1998), ASTM D 4239 for sulphur (ASTM, 2004a), ISO 1928 for 
calorific value (ISO, 1995), whilst fixed carbon, as usual, was calculated by difference.  
 
The ash constituents were also determined for all samples using X-ray fluorescence 
techniques following ASTM D4326-01 (ASTM, 2004b). It is acknowledged that some 
minerals, particularly carbonates, can be volatilized by the combustion temperature used by 
this method. Some work on the Huntly coals (on drill hole TW1) has previously been 
conducted using a low temperature asher (Butland, 2006; Newman et al., 1997) however for 
this study, because of the low mineral matter content of the coal, composition of the 
inorganic material was not a primary focus. 
 
Ultimate analysis was additionally conducted on the Renown seam profiles at Mimi 1 
and Jasper 1, the Kupakupa profile at Ruawaro 2 and the samples used in the microstructural 
study. Carbon, hydrogen and nitrogen analysis were performed using AL-038 (an accredited 
procedure by ACIRL Ltd. Laboratories in Australia) with oxygen calculated by difference. In 
other locations ultimate analysis was conducted on representative seam splits only. Relative 
density (AS 1038.21.1.1 (SAI, 2002)) was measured for the seam profiles of Mimi 1 and 
Jasper 1 as well as the microstructural samples (discussed below). 
 
2.3. Coal microstructure 
 
 
Various methods have been used to investigate coal microstructure, the most common 
techniques being mercury injection and nitrogen adsorption. Techniques involving fluids are 
affected by accessibility, the connectivity of the pore network, as well as sorption phenomena 
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and modification of the coal microstructure depending on the sorbate used (Levine, 1993). 
Small angle scattering (SAS) is a relatively inexpensive, noninvasive technique requiring 
little material and sample preparation, with both open and closed porosity being measured. 
As such it is an attractive alternative to using fluid for probing pore space (Radlinski, 2006; 
Radlinski et al., 2004b; 2001). Scattering theory is further discussed in Chapter 5. 
 
2.3.1. SAS Sample selection 
 
After macroscopic description of the coal core, block samples were collected from 
each desorption canister interval (usually 0.5 m). From this suite, suitable samples of matrix 
coal (Moore and Shearer, 1999) and pure vitrain were selected for small angle scattering 
(SAS) analyses. These two types of samples were chosen as the coal from the Huntly 
coalfield, like most New Zealand coals, is mostly bright in luster (Beamish et al., 1998; 
Edbrooke et al., 1994; Ferm et al., 2000; Sherwood et al., 1992) and the major macroscopic 
difference between the identified coal types is the proportion of vitrain banding (Newman et 
al., 1997).  
 
2.3.2. Samples for SAS experiments  
 
Samples for SAS analyses were prepared at the Sedimentology Laboratory of 
Geoscience Australia. For each coal, samples were prepared in three ways: a solid platelet cut 
perpendicular to the bedding plane (called “perpendicular sample” for short), a solid platelet 
cut parallel to the bedding plane (called “parallel sample” for short) and a sample crushed to a 
grain diameter of about 0.8 mm. Platelet size (typically 20x30 mm) was designed to suit the 
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largest neutron beam size required and samples were cut as thin as possible; in most cases 
thickness was less than 1 mm, to avoid the effects of multiple scattering (Radlinski et al., 
1999). 
Only results from solid platelets (both parallel and perpendicular) are presented in this 
study. As the coals are of low rank and the platelets are brittle, the orientated blocks of coal 
(trimmed to create platelets) were encapsulated with a low viscosity epoxy resin and then 
sliced using a low-speed precision diamond saw lubricated with a minimal amount of water. 
Such conditions were used to avoid sample contamination, through lubricants and heating, 
and to keep the coal from imbibing water. Despite these precautions, the coals absorbed some 
moisture which caused the platelets to dry and shrink slightly during transport, resulting in 
cracking of some samples (Fig 2.5).  
 
 
 
Figure 2. 5. Coal platelet prepared for SAS analysis. 
 
 
Twelve sets (one perpendicular and one parallel) of orientated platelets were prepared. 
Five matrix sets and only one vitrain set were prepared from the Renown seam as there was a 
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distinct lack of suitable vitrain bands in the collected block samples. For the Kupakupa seam 
three matrix sets and three vitrain sets were prepared. Matrix samples were collected from 
three locations for the Renown seam: Ruawaro 2 (sample number 318), two samples at 
different depths were collected for both Jasper 1 (samples 319 and 610) and another two 
samples from Mimi 1 (samples 611 and 612). The vitrain sample was collected from 
Mangapiko 1 (sample 323). For the Kupakupa seam, matrix and vitrain samples were 
collected from three locations: Mangapiko 1 (matrix sample 320 and vitrain sample 326), 
Ruawaro 1 (matrix sample 321 and vitrain sample 327) and Ruawaro 2 (matrix sample 322 
and vitrain sample 328).  
 
Knowledge of scattering contrast for the analysed material is essential for 
quantitatively interpreting absolutely calibrated X-ray and neutron scattering data (Radlinski, 
2006). Using the coal composition data obtained in Section 3.3.3, the X-ray coherent 
scattering contrast term and the neutron scattering length density term can be calculated for 
each sample using equations 2.3 and 2.4 respectively (Radlinski, 2006). 
 
 
ρn = (NA.d)/M . ∑ pj (∑ si.bi)j          (2.3) 
                           j            i 
Where: NA is Avogadro’s number 6.022 x 1023 
  d is density in g/cm3   
  M is the pseudo-molar mass 
  si is the proportion by number of nucleus i in the compound j 
  pj is the proportion by molecular number of the compound j in the mixture 
bi is the coherent scattering amplitude for nucleus i 
 
ρel = Ie.ρe = (NA.d)/M . Ne.Ie        (2.4) 
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Where:  ρe is the electron density (i.e. the number of electrons per unit volume)  
Ie = e2/(mc2) = 2.82 x 10-13 cm is the scattering amplitude of a single electron 
Ne is the number of electrons per one supra-molecule 
M is the molecular weight of one supra-molecule 
d is the bulk density in g/cm3 
 
2.3.3. SAS instruments 
 
 In this study, four separate instruments were used: SAXS (Small Angle X-ray 
Scattering), USAXS (Ultra-small Angle X-ray Scattering), SANS (Small Angle Neutron 
Scattering) and USANS (Ultra-small Angle Neutron Scattering). The instruments used in this 
study are based at synchrotron (X-rays) and nuclear (neutrons) facilities in the U.S.A. and 
France (Fig. 2.6). 
 
 
 
Figure 2. 6. Nuclear reactor (dome) and synchrotron (circle) facilities in Grenoble, France. 
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The pinhole-geometry SAXS instrument at ChemMatCARS, sector 15 of the 
Advanced Photon Source (APS), Argonne National Laboratory (Fig. 2.7), was used to obtain 
information in the Q-range from 1.1 Å-1 to 2.9 x 10-2 Å-1 (Cookson et al., 2006).  Data were 
collected from samples orientated perpendicular to bedding plane with a beam size of 0.2 x 
0.1 mm on 15 x 15 grids (with 0.6 mm steps). More sparse 7 x 7 grids (with 1 mm steps) 
were used for samples orientated in-bedding plane, as these were expected to be more 
homogeneous. 
 
 
 
Figure 2. 7. SAXS instrument at APS with sample holder in place. 
 
 
The Q-range of the SAXS data was extended into the small-Q region using the APS 
UNICAT USAXS instrument (Fig. 2.8) with 1-D collimated Bonse-Hart geometry (Q-range 
from 0.66 Å-1 to 1.2 x 10-4 Å -1; (Long et al., 2000)). As the  photon  flux incident on the 
detector of  the USAXS instrument was significantly lower than for the SAXS machine, only 
five points were analysed per sample using the beam size of 0.6 x 0.6 mm (with 1.2 mm steps 
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for samples orientated perpendicular to bedding plane and 1 mm steps for samples cut 
parallel to bedding-plane). Points of measurements were chosen to correlate to data collected 
with the SAXS instrument and to avoid any large cracks. 
 
 
 
Figure 2. 8. Manipulating the crystals on the USAXS instrument, APS. 
 
 
A time-of-flight instrument SAND (Fig. 2.9) at the Intense Pulsed Neutron Source 
(IPNS), Argonne National Laboratory was used to acquire SANS data in the Q range from 
1.0 Å-1 to 3.6 x 10-3 Å -1 (Thiyagarayan et al., 1998). SANS instruments are typically 
characterised by large beam footprint (we used beam diameter 12.2 mm) and long acquisition 
times compared to SAXS instruments, hence not all orientated platelets were analysed for all 
samples.  
 
Neutron scattering in the small-Q region (from 2.0 x 10-3 Å -1 to 1.55 x 10-5 Å -1) was 
measured using the Bonse-Hart geometry USANS instrument S18 (Fig. 2.10) at the Austrian 
Beam Line, Grenoble Research Reactor, France (Hainbuchner et al., 2000). As the technique 
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is only suitable for isotropic samples, only the platelets cut out in-bedding-plane (parallel 
samples) were analysed. 
 
 
 
Figure 2. 9. The SANS instrument with sample holder in place, IPNS. 
 
                    
 
Figure 2. 10. Attaching the sample holder in the USANS instrument, Grenoble. 
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2.3.4. SAS data processing and analysis 
 
Both SAXS and SANS data were acquired and processed in a way that yields the 
scattering intensity in absolute units of cm-1, corresponding to the absolute scattering cross 
section. Details of the experimental and modeling procedures, as well as references to 
previous work, can be found in Radlinski et al. (2004b) and Radlinski (2006).  USAXS data 
were desmeared using the IRENA software package (Long et al., 1991). Desmearing corrects 
for the geometry of the slit through which the beam (of electrons or neutrons) is passed 
before being scattered by the sample (Hinde, 2004). It is required for both USAXS and 
USANS measurements. The five USAXS data points per sample were then combined with 
the corresponding SAXS datasets. Next, the combined datasets were imported into PRINSAS 
software for modeling the pore size distribution (f(r)), specific surface area (SSA), and to 
calculate the total porosity (Hinde, 2004). The five scattering curves were then averaged to 
produce a representative scattering curve for each sample for easier presentation. Similarly, 
USANS data were desmeared and then combined with corresponding SANS data for each 
sample in PRINSAS, prior to modeling of the f(r), SSA and total porosity. 
 
2.3.5. Microstructural models: fitting the shape of the scattering curves 
 
It follows from the scattering theory and contrast considerations, based on Equations 
2.3 and 2.4, that for a purely organic coal the neutron and X-ray scattering curves should be 
parallel to each other when plotted on a log-log scale. However, most of the X-ray scattering 
curves collected in this study displayed minor to considerable deviation from the shape of the 
associated neutron scattering curve. This indicates the presence of a third phase, likely to be 
inorganic matter, as scattering of X-rays is much more sensitive to the presence of the 
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inorganic phase in coal than the scattering of neutrons (Radlinski et al., 2004b). Therefore, X-
ray scattering profiles that showed considerable deviation from the corresponding 
SANS/USANS profiles (the vitrain samples) were selected for further data analysis to 
determine the micro-geometry of regions with high concentration of inorganic material. 
 
The following analytical procedure was used to interpret the SAXS/USAXS data. It 
was assumed that the scattering intensity was made up of two components: a power law 
scattering (characteristic of the surface fractal micro-geometry of the solid-pore interface; 
Radlinski (2006)) and an unknown scattering from the inorganic-rich regions. The small-Q, 
(linear on the log-log scale) part of the X-ray scattering curve was fit with a power law and 
the resulting formula was used to extrapolate the lower (large-Q) part of the scattering curve 
as a model for scattering in the absence of inorganic material. This predicted model curve 
was then subtracted from the actual measured curve to obtain the contribution from the 
inorganic material alone (see Fig. 2.11). This was done for the five collected scattering curves 
as well as the average curve produced in Section 2.3.4. 
 
Using the resulting dataset (with new scattering intensity values) the radius of 
gyration can be calculated to estimate the size of the scattering object. The radius of gyration 
is the average squared distance of the scattering surface to the centre of the object and is 
routinely calculated from SAS data using the Guinier equation (Guinier et al., 1955): 
 
I(Q) = I(0).exp(-Q2.Rg2/3)        (2.5) 
 
Where: I(Q) is the scattering intensity in inverse centimeters (cm-1) 
I(0) is the incident intensity in neutrons/X-rays per second 
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  Q is the scattering vector in inverse angstroms (Å-1) 
  Rg is the radius of gyration in angstroms (Å) 
 
This equation is most easily solved by constructing a Guinier plot, ln I(Q) versus Q2, 
where the linear part of the slope is equal to –1/3.Rg2.  
 
 
 
 
 
 
Figure 2. 11. Determining the scattering profile of the third phase. (A) The original SAXS/USAXS curve. 
(B) Fitting the linear, upper region of the scattering curve. (C) Plot of the original curve and the 
extrapolated curve. (D) The resulting scattering profile of the third phase after subtracting the 
extrapolated curve. 
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Once obtained, the Rg2 can be used to calculate the radius of the scattering object, 
assuming various shapes (Equations 2.6-2.9 (Feigin and Svergun, 1987)). The field of 
possible (usually unknown) shapes can be narrowed down as the surface area and total 
volume of the scattering objects can be calculated using standard geometric equations. As 
very little inorganic material was observed during the microscopy study, combined with the 
material being concentrated in the 2π/Q ≤ 300 Å size range, it is possible that the material is 
organically bound. The shapes modeled were therefore selected with consideration of plant 
structure. 
 
Sphere of radius R:    Rg2 = 3/5.R2    (2.6) 
 
Spherical shell with radii R1 > R2:  Rg2 = 3/5.[(R15 – R25)/(R13 – R23)] (2.7) 
      For R2 = 0.9, 0.8, 0.7, 0.6 R1 
 
Cylinder of radius R and height H:  Rg2 = 1/2.R2 + 1/12.H2  (2.8) 
      For H = 0.5, 0.8, 1, 1.2, 1.5 R 
 
Hollow cylinder with radii R1 > R2 and height H:   
Rg2 = (R12 + R22)/2 + H2/12  (2.9) 
For R2 = 0.9, 0.8, 0.7, 0.6 R1 
and H = 0.5, 0.8, 1, 1.2, 1.5 R1 
  
To ascertain the most likely shape of the scattering object the volume fraction of all 
the scattering objects can be compared to the ash yield of the sample. The volume fraction is 
determined by multiplying the number of scattering objects (per cm3), Ni, by the volume of 
the individual scattering object i. Ni is calculated as follows:  
 
Chapter 2: Methods
 
Tennille Mares 39
 
1. Determine the Porod limit (Porod, 1951). The large-Q limit of the small-angle 
scattering domain is the region where atomic resolution has not been achieved, but 
where the observation scale is small and a well-defined interface appears to be 
smooth. This is the ‘Porod region’. When the large-Q area of the scattering curve is 
plotted in a Porod plot, Q4 x I(Q) versus Q, the large-Q intercept of the vertical axis 
provides a value for the Porod limit, PL (Radlinski, 2006). 
2. Calculate the specific internal surface area. The Porod specific surface area (SSA) is 
calculated as:  
 
SSA= PL/[2π(ρ1-ρ2)2]        (2.10) 
 
where ρ1 and ρ2 are the electron scattering length density of the organic coal matrix 
and embedded inorganic objects, respectively. Values of ρ1 were calculated for each 
coal using equation 2.4, and the value of ρ2 was assumed  to be  3.75 x 1010 cm-1 
(Radlinski, 2006)). 
3. Calculate Ni. Ni is obtained by dividing the Porod SSA by the surface area of the 
object i (as determined using geometrical dimensions from equations 2.6-2.9). 
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Chapter Three 
Coal Composition 
 
 
 
All coals contain some inorganic components, the quantity and distribution of which 
gives considerable information on coal formation conditions. However these inorganic 
components can also limit coal utilisation and affect gas production. In general, methane has 
been recognized to adsorb to the organic components of coal, while increasing mineral matter 
content acts as a diluent to gas sorption capacity. As such, a reduction in gas content is 
expected for coals with higher mineral matter contents (Laxminarayana and Crosdale, 1999; 
2002; Warwick et al., 2008; Yee et al., 1993). These results are consistent with previous work 
on New Zealand coals (Butland, 2006; Butland and Moore, 2008; Moore and Butland, 2005). 
Along with acting as a diluent, mineral matter in the form of secondary mineralisation in 
cleats and fractures can have a negative effect on methane recovery (Gamson et al., 1996).  
 
The purpose of this chapter is to present the results for proximate analysis, ash 
constituents and, where available, ultimate analysis and organic petrology. These results will 
be compared to gas data and to other coal properties in later chapters. As referred to in the 
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methods section, the composition of the inorganic material is not a primary focus of this 
study hence mineral identification by X-ray diffraction (XRD) was not undertaken. 
 
3.1. Inorganic matter in coal 
 
Mineral matter present in coals can originate in the following ways: (1) as syngenetic 
inorganic matter that was originally incorporated into the mire flora and persists through the 
progression to peat and coal, (2) as syngenetic inorganic/organic complexes and minerals that 
were introduced by wind or water into the mire or formed in situ during the early stages of 
peat formation, or (3) as epigenetic minerals that form post-coalification by crystallizing in 
cleats and fractures in the coal from fluids moving through the system or from the alteration 
of original mineral matter (Taylor et al., 1998).  
 
For coals of lower than bituminous rank, such as the Huntly coals, a significant part of 
the mineral matter may be contributed by inorganic elements being organically bound within 
the coal rather than being present as mineral phases. These organically associated elements 
can occur as inorganic elements dissolved in pore waters, as leachable salts, as cations held in 
exchangeable relationships with organic compounds or as organometallic complexes within 
the organic matter (Newman, 1988; Ward, 1991; 1992; 2002).  
 
Interestingly, an artificial coalification study on peats (Bailey et al., 2000) showed 
that as coalification progressed, the peat expelled solutions of systematically varying 
compositions. Mobilisation of cations from the peat was controlled by at least three processes 
(1) loss of dissolved ions in original pore water expelled during compaction, (2) loss of 
adsorbed cations as adsorption sites are lost during modification of organic solids, and (3) 
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increased dissolution of inorganic phases at later steps because of increased temperatures and 
increased complexing by organic acids and anions. It has been suggested that organically 
bound elements are a major contributor for coals of lower than bituminous rank with low ash 
yields (Newman et al., 1997).  
 
3.2. Proximate Analysis  
3.2.1. Proximate analysis results by drill hole 
 
Proximate analysis data for the TW1 core have been presented previously by Butland 
(2006) and Butland and Moore (2008). Gaps in the vertical profiles presented in Figure 3.1 
are because these samples were desorbed for an extended length of time and were not further 
analysed. For TW1, ash yield, moisture, sulphur and volatile matter are consistent throughout 
the seam except where ash yield increases, and there is a concomitant decrease in moisture, 
volatile matter and fixed carbon; for example, the 20 cm thick high ash layer that separates 
the two seams at this location. It should be noted that as fixed carbon is determined by 
difference it has no intrinsic significance. The peak in sulphur content around 341.5 m 
corresponds to a region of dull lustre coal which is also high in ash yield. Full results are 
tabulated in Appendix 1 with seam ranges presented in Table 3.1. The Kupakupa seam on 
average has slightly higher moisture content and calorific value and a slightly lower ash yield 
than the Renown seam. 
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Figure 3. 1. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at the TW1 
location on an as analysed basis, aa. VM = volatile matter, FC = fixed carbon, S = sulphur. 
 
 
 
Table 3. 1. Average proximate results by seam for the TW1 location on an as analysed basis. 
 
Renown seam Kupakupa seam 
As analysed basis Min Ave  Max SD Min Ave  Max SD 
Moisture % 8.4 12.0 14.0 1.6 10.9 12.4 15.5 1.1 
Ash % 1.6 5.5 33.4 8.3 1.0 3.5 12.5 3.3 
Volatile Matter % 29.2 37.1 42.0 3.0 33.6 37.1 41.7 1.8 
Fixed Carbon % 29.0 45.5 48.8 5.1 42.4 47.6 50.7 2.0 
Sulphur % 0.19 0.25 0.38 0.05 0.22 0.25 0.29 0.02 
Calorific Value (MJ/kg) 16.55 24.96 28.18 2.62 23.49 25.67 27.91 1.19 
Min = minimum, Ave = average, Max = maximum, SD = standard deviation 
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At the Ruawaro 1 location, the Renown and Kupakupa seams are separated by 
approximately 10 m of interburden. The Renown seam is split into three beds, as indicated by 
the non-sampled intervals corresponding to non-coal material in the profiles in Figure 3.2. 
Additionally a basal split is present for the Kupakupa seam. With the exception of two high-
ash coal/ carbonaceous mudstone samples collected in the Renown seam, coal properties do 
not exhibit much variation. The two high-ash samples have been removed from the averages 
presented in Table 3.2. However, even with these two samples removed, the average ash 
yield for the Renown (5.1%) is still more than double that of the Kupakupa seam, which has 
several samples with exceptionally low (<2%) ash yields. A slight increase in both ash yield 
and sulphur content can be seen towards the top and base of the Kupakupa seam.  
 
At the Ruawaro 2 location the Renown and Kupakupa seams are separated by 
approximately 18 m of interburden with a few thin splits identified in the Renown seam (see 
macroscopic logging sheets in Appendix 2) which can be noted in the ash yield profile 
(Figure 3.3). Between the higher ash yield peaks in the lower part of the Renown seam, 
moisture levels are elevated compared to those seen in the rest of the profile. Most of this 
interval was logged as being non-coal (Fig. 4.6). Although the other samples in the Renown 
seam have very low ash yields, the samples from the Kupakupa seam are even lower (Table 
3.3) with seven out of the eleven samples having ash yields of <2%. As is expected there is a 
decrease in volatile matter and fixed carbon associated with the high ash yield sample at the 
base of the Renown, while the high ash yield sample at the base of the Kupakupa is also 
associated with a slight increase in sulphur content. 
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Figure 3. 2. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at the Ruawaro 
1 location on an as analysed basis, aa. 
 
 
Table 3. 2. Average proximate results by seam for the Ruawaro 1 location on an as analysed basis. 
 
Renown seam Kupakupa seam 
As analysed basis Min Ave  Max SD Min Ave  Max SD 
Moisture % 13.9 17.8 20.2 1.9 17.3 19.1 21.0 1.1 
Ash % 2.9 5.1 8.6 2.2 1.2 2.0 4.2 0.9 
Volatile Matter % 34.5 37.9 46.0 3.8 29.9 35.5 38.7 2.1 
Fixed Carbon % 37.2 39.2 40.7 1.2 41.9 43.4 45.4 0.8 
Sulphur % 0.30 0.34 0.39 0.04 0.21 0.30 0.68 0.12 
Calorific Value (MJ/kg) 22.84 23.98 27.02 1.45 23.00 24.16 25.26 0.63 
 
 
 
 
Chapter 3: Coal Composition 
 
Tennille Mares 46
 
 
 
 
Figure 3. 3. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at the Ruawaro 
2 location on an as analysed basis, aa. 
 
 
Table 3. 3. Average proximate results by seam for the Ruawaro 2 location on an as analysed basis. 
 
Renown seam Kupakupa seam 
As analysed basis Min Ave  Max SD Min Ave  Max SD 
Moisture % 18.0 20.4 25.8 2.1 16.2 18.4 20.1 1.3 
Ash % 1.9 5.6 31.2 7.7 1.4 2.2 6.3 1.4 
Volatile Matter % 25.7 33.9 37.5 2.9 33.8 37.0 41.0 2.1 
Fixed Carbon % 25.1 40.1 44.1 4.7 38.1 42.4 44.5 1.7 
Sulphur % 0.20 0.23 0.29 0.03 0.19 0.22 0.33 0.04 
Calorific Value (MJ/kg) 15.25 22.37 23.96 2.21 23.04 24.60 26.24 0.96 
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The Renown seam at the Rotongaro 1 location is quite thin while the Kupakupa seam 
is reasonably thick. At this location the two seams are separated by around 10 m of 
interburden. Slight increases in sulphur content can again be seen around the top and base of 
the seams (Figure 3.4). At around 451 m in the upper part of the Kupakupa seam there is a 
peak in volatile matter, along with a decrease in moisture content and fixed carbon. 
Unfortunately organic petrology, which may have helped explain this curious trend in 
geochemical parameters, was not conducted on this sample. Once again, the lower part of the 
Kupakupa seam is characterised by ash yields of <2%. Average values for the seams are 
presented in Table 3.4.  
 
The northern-most and deepest drill hole in this study is the Mangapiko 1 drill hole. 
At this location the two seams are separated by around 25 m of interburden. The top of the 
Renown seam is characterised by interbedded carbonaceous mudstones, high ash coal and 
coal (Figure 3.5). Both sulphur and moisture content increase slightly towards the base of the 
Renown seam. The top sample of the Kupakupa seam has slightly elevated fixed carbon and 
sulphur contents. While the reason for this is unclear, the sample immediately below the high 
sulphur sample has high moisture content. The top eight samples in the Kupakupa seam have 
ash yields of <2% with ash yields increasing at the base of the profile. Unfortunately, the drill 
core did not reach the base of the seam because of drilling problems. Based on surrounding 
well data, it is believed that almost the full length of the seam is represented in the 
Mangapiko 1 core. Average results by seam are presented in Table 3.5. 
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Figure 3. 4. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at the 
Rotongaro 1 location on an as analysed basis, aa. 
 
 
 
Table 3. 4. Average proximate results by seam for the Rotongaro 1 location on an as analysed basis. 
 
Renown seam Kupakupa seam 
As analysed basis Min Ave  Max SD Min Ave  Max SD 
Moisture % 18.9 19.9 21.4 1.2 15.7 19.3 21.1 1.3 
Ash % 2.1 6.3 13.2 4.8 1.3 2.3 9.8 1.9 
Volatile Matter % 33.7 35.4 36.1 1.1 33.1 36.7 42.8 2.2 
Fixed Carbon % 32.8 38.5 40.9 3.8 37.4 41.7 43.4 1.6 
Sulphur % 0.23 0.27 0.35 0.06 0.17 0.21 0.28 0.03 
Calorific Value (MJ/kg) 20.05 22.22 23.06 1.45 21.30 23.71 25.45 0.85 
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Figure 3. 5. Proximate results of samples from the (A) Renown and (B) Kupakupa seams at the 
Mangapiko 1 location on an as analysed basis, aa. 
 
 
Table 3. 5. Average proximate results by seam for the Mangapiko 1 location on an as analysed basis. 
 
Renown seam Kupakupa seam 
As analysed basis Min Ave  Max SD Min Ave  Max SD 
Moisture % 15.1 19.1 21.2 1.7 18.7 21.0 28.4 2.8 
Ash % 2.1 8.6 38.9 12.6 1.4 3.0 14.0 3.9 
Volatile Matter % 21.8 33.9 38.1 4.9 32.4 36.8 39.6 2.1 
Fixed Carbon % 24.2 38.4 42.7 6.3 31.5 39.3 42.0 3.0 
Sulphur % 0.16 0.24 0.29 0.04 0.22 0.26 0.37 0.05 
Calorific Value (MJ/kg) 13.57 21.96 24.16 3.50 20.65 23.39 24.80 1.39 
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The three remaining drill holes, Jasper 1, Mimi 1 and Baco 1, were drilled as part of a 
pilot production trial. These wells only intersected and cored the Renown seam. For these 
three cores the top of the Renown seam (approximately 0.5 m) is missing as the drilling 
procedure was to open the hole until the top of the seam and then core. As such, information 
about the top of the seam has not been captured. 
 
At the Jasper 1 location the first sample collected at the top of the Renown seam is 
characterised by interbedded high ash coal and mudstone (Figure 3.6). Note that the two 
stratigraphically lower samples were taken in the carbonaceous mudstone interburden to 
determine what gas may be held in those rock types. Because of their very high ash yield, 
these three samples have been excluded from the averages presented in Table 3.6. A slight 
peak in moisture content can be seen for the fourth sample, with a corresponding decrease in 
volatile matter content. There is also a slight increase in sulphur towards the top and base of 
the seam. Aside from these features the proximate analysis profiles are fairly uniform. 
 
 
 
 
Figure 3. 6. Proximate results of samples from the Renown seam at the Jasper 1 location on an as 
analysed basis, aa. 
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Table 3. 6. Average proximate results by seam for the Jasper 1 location on an as analysed basis. 
 
Renown seam 
As analysed basis Min Ave  Max SD 
Moisture % 11.0 11.7 13.2 0.6 
Ash % 2.3 4.0 9.0 2.1 
Volatile Matter % 36.9 38.9 40.7 1.3 
Fixed Carbon % 42.2 45.5 47.7 1.5 
Sulphur % 0.19 0.22 0.25 0.02 
Calorific Value (MJ/kg) 22.96 25.26 26.10 0.97 
 
 
 
 As with the Jasper 1 location, the lower most sample in the Mimi 1 drill core (Figure 
3.7) is carbonaceous mudstone. Again this was deliberately collected to assess the gas content 
of this rock type, and has been excluded from the averages presented in Table 3.7. Of note 
there is a peak in volatile matter content near the top of the profile with decreased moisture 
contents. The lower part of the profile has lower moisture contents which could be a function 
of sample treatment. There is a slight increase in sulphur towards the top and base of the 
seam. 
 
 
 
 
 
Figure 3. 7. Proximate results of samples from the Renown seam at the Mimi 1 location on an as analysed 
basis, aa. 
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Table 3. 7. Average proximate results by seam for the Mimi 1 location on an as analysed basis. 
 
Renown seam 
As analysed basis Min Ave  Max SD 
Moisture % 12.1 14.2 16.9 1.6 
Ash % 2.2 4.1 10.8 2.5 
Volatile Matter % 35.2 37.4 39.0 1.4 
Fixed Carbon % 41.0 44.3 47.1 1.9 
Sulphur % 0.20 0.23 0.31 0.03 
Calorific Value (MJ/kg) 23.29 24.60 25.62 0.90 
 
 
 At the Baco 1 drill hole, only three metres of core was retrieved because of coring 
difficulties.  Results for the Baco 1 location are reasonably homogeneous throughout the 
seam (Fig. 3.8 and Table 3.8) aside from a slight increase in ash yield and sulphur at the top 
of the core. 
 
 
 
 
 
Figure 3. 8. Proximate results of samples from the Renown seam at the Baco 1 location on an as analysed 
basis, aa. 
 
Table 3. 8. Average proximate results by seam for the Baco 1 location on an as analysed basis. 
 
Renown seam 
As analysed basis Min Ave  Max SD 
Moisture % 15.4 16.2 17.4 0.8 
Ash % 2.2 2.6 3.3 0.4 
Volatile Matter % 35.9 37.2 38.3 1.0 
Fixed Carbon % 43.4 44.1 45.5 0.8 
Sulphur % 0.23 0.25 0.30 0.03 
Calorific Value (MJ/kg) 24.30 24.78 25.11 0.29 
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3.2.2. Proximate analysis results by seam 
 
The largest source of variation present in the individual drill hole results occurs when 
ash yield is high. The histogram produced using the ash yields for all samples, shown in 
Figure 3.9A, shows a clear break between samples with ash yields <20%, (aa), and those with 
ash yields >20%, (aa). Overall 81% of samples have ash yields of <5%, 90% of samples have 
<10%, while 94% of samples have ash yields of <20%. As can be seen in Figure 3.9B, the 
lowest ash yields are samples from the Kupakupa seam, with 64% having ash yields of <2% 
and 89% of samples having ash yields of <5%. In contrast, for the Renown seam has only 7% 
of samples with ash yields of <2%. Samples with ash yields of <5% account for 72% of all 
samples. 
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Figure 3. 9.  (A) Histogram showing the distribution of coal ash yield for all samples and (B) Histogram 
showing the distribution of coal ash yield, for both the Renown and Kupakupa seams. All data is on an as 
analysed basis. Note the bin range is not linear. 
 
 
Based upon these results, samples with >20% ash yield (aa) have been excluded from 
further analysis. Only ten samples had to be excluded. The average proximate analysis for the 
Renown and Kupakupa coal seams, grouped by location, is presented in Figures 3.10 A and B 
with overall results presented in Figure 3.10C. Greater variability can be seen in the Renown 
seam than in the Kupakupa seam which is consistent with results given in section 3.1.2. Of 
the results presented, the greatest variability exists with the percent moisture, which is also 
the most difficult to accurately measure because of pre-analysis sample treatment. The main 
concern with the moisture data is that the 2003 (TW1) and 2006 data (Jasper 1, Mimi 1 and 
Baco 1) are different from the 2005 data (which are all similar). Gas sampling was the 
priority of the sampling program and there was not a standard time between collection and 
proximate analysis. Additionally the Jasper 1, Mimi 1 and Baco 1 results all show 
significantly lower moisture contents than the Renown seam at the nearby Ruawaro 2 drill 
hole. Hence, differences in moisture content between seams and locations cannot be stated 
with confidence. 
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Figure 3. 10. Average proximate results by location for the (A) Renown seam, (B) the Kupakupa seam, 
and (C) overall and by seam on an as analysed basis. M = moisture, A = ash yield, VM = volatile matter, S 
= sulphur and CV = calorific value (MJ/kg). 
 
 
In the overall results it can be seen that the average fixed carbon and calorific values 
are the same for the two seams; in contrast the Kupakupa has a lower ash yield, lower volatile 
matter and higher moisture content than the Renown seam. If the influence of moisture is 
removed (Figure 3.11), it can be seen that the Kupakupa seam still shows lower ash yield, but 
with fractionally higher volatile matter and fixed carbon contents. 
 
 
 
Figure 3. 11. Average proximate results overall and by seam with the influence of moisture content 
removed (dry basis, db). 
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3.3. Ash constituents 
3.3.1. Ash constituent analysis results by drill hole 
 
 Ash constituent results do not add up to 100% (Appendix 1) as other, unanalysed 
elements may be present as well as possibly some loss on ignition occurring, as mentioned in 
section 2.2.4. As such, the data used for Figures 3.12 – 3.19 has been normalized. The results 
for TW1 (Figure 3.12) have been presented previously by Butland (2006) who reported that 
whole coal elemental scans of pressed coal pellets also revealed significant strontium, along 
with smaller amounts of zinc, nickel, copper, barium and cerium. 
 
 The silicon profile for the Renown seam in TW1 is high (~60%) in the 
stratigraphically upper most sample and then decreases with depth. About mid seam there is 
another peak in silicon, before decreasing again until reaching the base where silicon is again 
high. Aluminium is present throughout in concentrations of 4.0% - 31.8%. The proportion of 
iron is relatively stable (1.2% - 8.8%) throughout while calcium, magnesium, sodium and 
sulphur are higher where silicon is low (up to 74.7%, 16.6%, 9.2% and 21.1% respectively). 
Samples 18 and 22 have higher ash yields than their surrounding samples (4.4% and 10.3% 
on a dry basis, db), with low silicon and aluminium percentages. Sample 18 has high calcium 
and magnesium while sample 22 has a very high percentage of calcium. Titanium is highest 
(up to 6.9%) where there are larger proportions of silicon and aluminium. 
 
 The Kupakupa seam profile has higher silicon and aluminium contents at the top and 
base of the seam, similar to the Renown seam, and as expected, these vary in direct relation 
with the ash yield. The exception to this is sample 35 (5.3% ash yield db) which again lacks 
silicon and aluminium and has a very high proportion of calcium (71.0%) and magnesium 
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(11.0%). Sample 32 has a very high titanium percentage (~12%) for a low ash yield sample 
(2.4%). In the low ash yield zone in the lower half of the Kupakupa seam, combined silicon 
and aluminium is around or <5% with titanium very low in this region (0.06% - 0.5%). This 
interval of the Kupakupa is characterised by higher proportions of iron, calcium, magnesium, 
sodium and sulphur. The low ash intervals of coals in the Waikato have previously been 
noted to have high iron, calcium and sodium which can increase a coal’s tendency to ‘clinker’ 
(Moore and Fergusson, 1997). Phosphorous is identifiable in the top part of the profile (which 
has also been noted by Newman et al. (1997)) where there are higher silicon contents. 
Potassium is present in small amounts throughout both seams. 
 
 
 
Figure 3. 12. Distribution of ash constituents for core from the TW1 drill hole.  
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The ash constituent distribution for the Ruawaro 1 location is presented in Figure 
3.13. The Renown seam is split into several thin seams at this location and is characterised by 
high proportions of silicon and aluminium. Titanium is present throughout the Renown seam 
(0.7% - 4.0%) and interestingly there are high percentages of phosphorous in samples A8 - 
A12 (4.4% - 6.1%). The highest ash yield samples, A7 and A12 (74.4% and 70.0% db), have 
the highest percentages of potassium (1.8% and 2.0% respectively). 
 
 
 
 
 
Figure 3. 13. Distribution of ash constituents for core from the Ruawaro 1 drill hole. 
 
  
 The Kupakupa seam has a similar profile to that seen in the TW1; that is, higher 
concentrations (>20%) of silicon and aluminium at the top and base of the seam and a distinct 
lack of silicon (< 3.2%), aluminium (<2%) and titanium (<0.2%) in the very low ash, lower 
part of the seam. This low ash region is characterised by higher proportions of iron, calcium, 
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magnesium, sodium and sulphur. The slightly higher ash sample at A24 (2.5% db) has a 
noticeably higher proportion of iron (26.7%). Phosphorous is again noticeable (>0.4%) in the 
top and bottom samples. 
 
 Ash constituent distribution at Ruawaro 2 distribution is shown in Figure 3.14. The 
silicon percentages are higher (>12%) at the top, middle and base of the Renown seam. 
Titanium is most noticeable in the lower section of the coal seam (>0.5%). The low silicon 
and aluminium intervals are again the samples with low ash yield, and are characterised by 
higher iron, calcium, magnesium, sodium and sulphur percentages. Phosphorous is noticeable 
in sample B2 (0.8%) while higher potassium can be seen in the lowest sample B15 (1.0%). 
 
 
 
 
 
Figure 3. 14. Distribution of ash constituents for core from the Ruawaro 2 drill hole. 
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The Kupakupa seam at Ruawaro 2 follows a similar trend to that seen at the other 
locations, with silicon decreasing with depth and increasing again towards the base of the 
seam. Interestingly there is a distinct lack of aluminium (<2.0%) in the top half of the profile 
most noticeable in the top few samples with higher silicon contents. Titanium is also virtually 
absent (<0.12%) until the deepest three samples where aluminium percentages increase. 
There is a significant percentage (15%) of phosphorous in the deepest sample B26. 
 
With the exception of sample C3, the Renown seam at the Rotongaro 1 location 
(Figure 3.15), shows ash constituent distribution similar to those seen for the top and base of 
the Renown seam at other locations. Titanium follows the pattern of aluminium, and 
potassium is up to 1.4% in sample C2 while phosphorous is proportionally high in C4 and C5 
(1.4% and 1.7%, respectively). 
 
 
 
Figure 3. 15. Distribution of ash constituents for core from the Rotongaro 1 drill hole. 
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The upper part of the Kupakupa seam at the Rotongaro 1 location shows a decreasing 
contribution of silicon and aluminium with depth, with an increase again around sample C12 
which also has a higher ash yield (4 % db). Samples C12 and C13 have high titanium 
percentages in comparison to the samples on either side (~17%), especially for low ash yield 
samples (<5%), while phosphorous is noticeable in the top sample C6 (1.8%). The lower part 
of the Kupakupa seam (C14 – C25) is remarkable for its homogeneity in ash yield (<2%) and 
ash composition. Silicon and titanium are virtually absent in this low ash yield region (0.06% 
- 2.15% and 0.08% - 0.20% respectively) with aluminium contributing only a very small 
amount (0.5% - 1.6%). The remaining elements in this region (which is around 6 m thick) are 
relatively uniform in concentration with calcium, sulphur and iron contributing the bulk of 
the ash yield. The deepest sample, C26, has a large concentration of aluminium (22.7%) 
although there is still only a minimal contribution of silicon. 
 
 Unsurprisingly at the top of the Renown seam at the Mangapiko 1 location (Figure 
3.16), where there is some mudstone and high ash coal, silicon is the predominant ash 
constituent (≥80%). The silicon percentage can be seen to directly vary with ash yield. 
Interestingly the ‘∑’ shaped distribution of silicon percentage in the Renown seam is similar 
to that seen in the TW1 and Ruawaro 2 cores. Phosphorous is noticeable in sample D10 
(1.9%). 
 
 The Kupakupa seam, similar to the other locations, has higher concentrations of 
silicon, aluminium and titanium at the top and base of the seam. The centre of the seam 
shows relative homogeneity in the ash constituents, similar to what is seen at Rotongaro 1, 
albeit with slightly larger contributions of silicon and aluminium. Phosphorous increases 
towards the base of the Kupakupa seam (up to 2.2%). 
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Figure 3. 16. Distribution of ash constituents for core from the Mangapiko 1 drill hole. 
 
 
 
The distribution of ash constituents for the Jasper 1 location is presented in Figure 
3.17. The Renown seam shows the same silicon pattern as seen at the locations already 
discussed, although there is more variability. Phosphorous is noticeable in sample J4 (1.7%), 
which is away from seam splits and seam edges, as well as in sample J11 (2.27%) which is 
the stratigraphically lowest coal sample. The composition of the carbonaceous mudstone is 
also presented here. The dominant constituents are silicon and aluminium, followed by 
titanium, iron, potassium, calcium and sodium in that order. 
 
The Mimi 1 ash constituent profile is similar to that of Jasper 1 (Figure 3.18). 
Interestingly there is higher phosphorous in samples M3 and M4 (3.1% and 1.2%) at a similar 
depth into the profile. The phosphorous, in conjunction with the slightly higher ash yield and 
increase in silicon content, may hint at the possibility of a seam split nearby. The 
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carbonaceous mudstone sample, M12, has ash constituent proportions like those of J12 and 
J13. 
 
 
 
Figure 3. 17. Distribution of ash constituents for the core from the Jasper 1 drill hole. 
 
 
 
 
 
 
Figure 3. 18. Distribution of ash constituents for core from the Mimi 1 drill hole. 
  
 
 
The ash constituent results for the Baco 1 location is presented in Figure 3.19. The 
silicon percentage roughly follows the ash yield profile and the element proportions are 
similar to those in the nearby Ruawaro 2 location. 
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Figure 3. 19. Distribution of ash constituents for core from the Baco 1 drill hole. 
 
3.3.2. Ash constituent analysis results by seam 
 
 As with the proximate analysis results presented in section 3.2.2, samples with >20% 
ash yield have been excluded from the results presented in this section. The average ash 
constituent results by location for the Renown and Kupakupa seams are presented in Figures 
3.20A and B with overall results presented in Figure 3.20C. Again, greater variability can be 
seen in the Renown seam than in the Kupakupa seam possibly owing to the larger ash yields 
of the Renown seam samples. The Renown seam has higher silicon, aluminium, magnesium, 
sodium, potassium and phosphorous while the Kupakupa has higher average iron, calcium, 
titanium and sulphur. The largest differences in content between the seams are for silicon, 
calcium and sulphur. Notably, the Renown seam at the Ruawaro 1, Rotongaro 1 and TW1 
locations has a 2 - 3 times greater proportion of aluminium than is present at the other 
locations. 
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Figure 3. 20. Average ash constituents for (A) the Renown seam by location, (B) the Kupakupa seam by 
location and (C) overall and by seam. Ru1 = Ruawaro 1, Ru2 = Ruawaro 2, Ro1 = Rotongaro 1 and Ma1 
= Mangapiko 1. 
 
 
 
 The low ash yield regions in the lower part of the Kupakupa seam were identified in 
section 3.2.1 as having different chemistry than the upper part of the seam; thus, it was 
decided to split the samples into two groups, those with <2% ash yield (as analysed, aa) and 
those with >2% ash yield (aa; these samples range from 2% - 14%). The average ash 
constituents for the two groups is presented in Figure 3.21. The two groups have clearly 
different signatures with the <2% group having higher iron, calcium, sodium and sulphur 
while the >2% group has higher silicon, aluminium, titanium and phosphorous although this 
group still has significant concentrations of calcium and sulphur. Both groups have the same 
proportion of magnesium present. 
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Figure 3. 21. Average ash constituents for the Kupakupa seam when ash yield is <2% aa and when ash 
yield is >2% aa. 
 
 
 
3.4. Element associations 
 
 As leaching experiments and microprobe analyses were not conducted as part of this 
study, the inorganic and organic associations of the ash constituents were first examined by 
plotting results against the reciprocal of ash as done by Newman (1988) and Newman et al. 
(1997). Because of the differences between the seams, as identified above, this was done on a 
seam basis (Fig 3.22). Using this technique, organic associations will plot as a straight line, 
intersecting 1/ash at 0.01, while purely inorganic associations will plot with a negative slope. 
In addition, the relationships between the elements were examined using correlation tables 
and cluster analysis. 
 
 
 
 
 
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5
Pe
rc
en
ta
ge
<2% ash aa
>2% ash aa
Chapter 3: Coal Composition 
 
Tennille Mares 69
 
 
 
Chapter 3: Coal Composition 
 
Tennille Mares 70
 
 
 
 
 
 
 
Figure 3. 22. Ash constituents by seam plotted against 1/ash yield db. Vertical axis is percentage. Red 
circles = Renown seam, blue diamonds = Kupakupa seam. 
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From Figure 3.22 it can be seen that for both seams silicon has an inorganic 
association, while aluminium and titanium have undefined, probably mixed association. 
Calcium appears to be predominately organic however some samples from the Renown form 
a cross-cutting line with negative slope suggesting an inorganic association. Iron, magnesium, 
sodium and sulphur all have predominantly organic associations. It needs to be noted that the 
basic ashes produced by New Zealand subbituminous coals and lignite have been reported to 
readily absorb sulphur oxides during ashing, even when precautions are taken. This 
possibility could influence the sulphur content in total ash (Gray, 1983). Possibly because of 
their low concentrations potassium, manganese (for which many samples were below the 
detection limit) and phosphorous show no clear relationships. Where associations are present, 
they are clearer for the Renown seam samples than for the Kupakupa seam samples.  
 
Correlation tables were generated using the ash constituent data for both seams. One 
set of analyses included the high ash samples, while a second set excluded the high ash 
samples; the correlation tables are presented in Appendix 1. The main difference between the 
two sets of correlation tables is that the relationships in the Renown seam for calcium are 
stronger and potassium has a relationship with ash yield when all samples are included. In 
general, for the Renown seam, silicon and potassium are associated with inorganic material 
while iron, calcium, magnesium, sodium and sulphur are associated with the organic matter. 
Aluminium, titanium and phosphorous have no clear association but tend towards an 
inorganic association. Aluminium is associated with titanium while manganese is associated 
with iron. In the Kupakupa seam, silicon and aluminium show association with inorganic 
material while iron, calcium, sodium and sulphur show association with organic matter. 
Magnesium is associated with calcium; manganese is associated with calcium and 
magnesium, while phosphorous again shows a very weak association with inorganic material. 
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 Dendrograms were produced from the results of cluster analyses using all samples by 
seam (Fig. 3.23). The results from the cluster analyses agree with those from the correlation 
tables, with separate organic (1/ash) and inorganic clusters. In both seams calcium is most 
closely associated with magnesium. Ambiguity exists around potassium as it is the only 
element to change clusters between seams. Likely potassium exists throughout but is more 
abundant in the high ash yield/carbonaceous mudstone samples collected in the Renown 
seam.   
 
 
 
A 
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Figure 3. 23. Dendrogram of cluster analysis results of ash constituents for (A) the Renown seam and (B) 
the Kupakupa seam. 
 
 
3.5. Visually and optically identifiable mineral matter 
3.5.1. Macroscopic logging 
 
During macroscopic logging (Appendix 2) some minor carbonate on cleat was 
identified at all locations, with the exception of Ruawaro 2. The Jasper 1 core (between 
samples J2 and J5) and the Mimi 1 core (between samples M3 and M6) have persistent 
carbonate on cleats and fractures (see Fig. 3.24). These intervals correspond to the samples 
with higher ash yields in the upper part of the Renown (Fig. 3.17 and 3.18). A small amount 
of clay on cleat was also noted in core from the Ruawaro 1, Rotongaro 1 and Baco 1 drill 
holes. 
 
B 
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Figure 3. 24. Carbonate observed in the Mimi 1 M4 sample during macroscopic logging. 
 
3.5.2. Organic petrology 
 
 Organic petrology investigations were conducted on samples from the Renown seam 
in the Jasper 1 and Mimi 1 drill holes as well as samples from the Kupakupa seam at 
Ruawaro 1 and Ruawaro 2 locations (Appendix 2). Counts of mineral matter, out of the 500 
points counted, as well as comments on mineral matter occurrence are presented in Tables 
3.9, 3.10, 3.11 and 3.12 respectively. The data are presented as raw counts rather than as 
weight percents or volume percents as the assumption of the Parr formula, that all sulphur is 
pyritic in origin, is not valid for New Zealand coals in general (Budge and MacKnight, 1976; 
Edbrooke et al., 1994). Forms of sulphur were analysed for the TW1 drill hole and the 
averages are presented in Table 3.13. A modified version of the Parr formula has been used 
elsewhere, however for the purpose of this study, with such low ash yield coals, presence or 
absence, abundant or trace is of most interest. 
 
In general the counts presented in the tables show reasonable correlation to the ash 
yield profiles presented earlier in this chapter. All profiles show higher mineral matter 
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abundance in the top and base of the cores. The two Renown profiles, from Jasper 1 and 
Mimi 1, also show higher counts in the upper parts of the core, particularly for carbonate, in 
the areas with higher ash yield and the presence of heavier carbonate mineralisation as noted 
in section 3.4.1. Two samples, A18 and A21, from the Ruawaro 1 core show reasonably high 
carbonate counts and very low (<2% aa) ash yield. These samples possibly provide an 
argument for volatilisation of carbonates during proximate analyses as mentioned in section 
2.2.4. The lack of aluminium in the Ruawaro 2 core, as noted in Figure 3.14, is highlighted 
here by clay only appearing in trace amounts if at all. 
 
 
Table 3. 9. Mineral matter counts for the Jasper 1 samples. tr = trace. 
  Count Quartz Clay Carbonate Fe oxide Sulphide Occurrence 
J2 35 1 0 33 1 0 Carbonate in micro-veins/fractures 
J3 10 0 0 10 tr 0 
Carbonate in micro-
veins/fractures as well as some 
carbonate crystals 
J4 3 tr tr 3 tr tr Few inorganic particles 
J5 4 tr tr 4 tr tr 
Carbonate in micro-
veins/fractures also as 
carbonate crystals, mineral 
matter as isolated particles in 
matrix, quartz and clay also in 
a few inorganic particles 
J6 2 tr tr 2 0 0 Quartz and clay in inorganic particle 
J7 3 3 0 tr tr tr 
Carbonate in micro-
veins/fractures, isolated quartz 
in matrix and in an inorganic 
particle 
J8 0 tr 0 tr 0 tr Quartz isolated in matrix 
J9 0 tr 0 tr tr 0 
J10 1 0 0 tr 0 1 
J11 6 tr 5 0 tr 1 Some interbedded coal and inorganic material 
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Table 3. 10. Mineral matter counts for the Mimi 1 samples. tr = trace. 
 
  Count Quartz Clay Carbonate Fe oxide Sulphide Occurrence 
M1 6 5 0 tr tr 1 Some well sorted quartz with secondary growths 
M2 3 0 3 tr tr tr 
M3 10 4 3 tr 1 2 Isolated mineral grains in matrix 
M4 24 9 7 7 tr 1 
Carbonate in micro-
veins/fractures,  iron oxide 
with carbonate on cleat, 
quartz and clay in inorganic 
layers, some clay and pyrite 
in tissue 
M5 0 tr tr tr tr tr Carbonate in micro-veins/fractures 
M6 13 1 0 12 tr tr Carbonate in micro-veins/fractures 
M7 1 tr tr tr 0 1 
Carbonate in micro-
veins/fractures,  also 35 µm 
carbonate vein- possibly 
multiple pulse 
M8 0 tr 0 tr 0 tr Carbonate in micro-veins/fractures 
M9 0 tr tr 0 0 tr Interspersed clay, possible pond? 
M10 2 tr tr 2 0 tr Carbonate in micro-veins/fractures 
M11 56 13 43 0 0 0 
Carbonate in micro-
veins/fractures, quartz and 
clay as interbedded coal and 
inorganic material 
 
 
 
Quartz is frequently present as discrete grains in the coal matrix. The isolated grains 
are interpreted to be of detrital origin. In contrast, some quartz particles are interpreted as 
diagenetic based on their size, shape and occurrence in plant tissues (Fig. 3.25) (Edbrooke et 
al., 1994). Quartz and clay are sometimes found together in inorganic particles or laminae 
with clay also occasionally occurring as fine bands inter-layered with organic material. 
Quartz and clay in this form are interpreted as detrital mineral matter and are likely water-
borne (Edbrooke et al., 1994). 
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Figure 3. 25. Possible authigenic quartz from Mimi 1 sample M1. In picture (A) a broken tissue can be 
clearly seen, with the boundaries shaped in red, while in picture (B) fractures around the crystal can be 
seen. 
 
 
 
Carbonate is generally present as fracture fillings, cutting through vitrinitic material, 
and also as cleat fillings (Figure 3.26). Consequently, carbonate is thought to be epigenetic 
(secondary) carbonate. The infilled fractures are typically orientated and sigmoidal in shape. 
Interval M7 (Mimi 1) contained carbonate veins in cleat up to 35 µm thick that appeared to 
show evidence of multiple fluid pulses, while a cluster of carbonate crystals was identified in 
interval J3. Where present, iron oxides tended to be associated with the carbonates, frequently 
inter-fingered. Where present on its own, it is possible that the iron oxide is a result of 
oxidation during storage of the sample, however the presence of the iron oxide inter-fingered 
growth with the carbonate would argue against this. 
 
 
A B
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Figure 3. 26.  Carbonate. (A) Thick carbonate on cleat with layers possibly suggesting multiple pulses in 
Mimi 1, M7. (B) Carbonate crystals in Jasper 1, J3, (C) Carbonate and iron oxide in fractures through 
collotelinite in Mimi 1, M2 and (D) Carbonate and iron oxide in fractures through vitrinitic matrix and 
an inertinite tissue in Jasper 1, J3. 
 
 
 
Sulphides occurred rarely as small discrete grains in the matrix material and are 
thought to be syngenetic pyrite. Possible hydrothermal sulphides were identified in the 
Ruawaro 1 core in intervals A17 and A19. Hydrothermal sulphide has been seen in 
association with iron replacement of carbonates in other New Zealand coals (J. Newman, pers 
com. 2007). This possibility would also argue for formation of iron oxides in situ. 
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Table 3. 11. Mineral matter counts for Ruawaro 1 Kupakupa samples. * = only 250 counts, tr = trace. 
 
Count Quartz Clay Carbonate Fe oxide Sulphide Occurrence 
A16 48* 31 17 0 0 0 
A15 19 4 11 1 0 3 
Noticeably higher pyrite, 
possible pond? interbedded 
laminated clays 
A14 3 1 2 0 0 tr Laminated clays 
A13 14 0 13 0 tr 1 Possible pond? laminated clays 
crl 2 0 0 2 tr 0 Carbonate in micro-veins/fractures 
A17 3 tr 0 1 2 0 Hydrothermal sulphide 
A18 16 0 0 12 4 0 Carbonate and iron oxide in micro-veins/fractures 
A19 0 tr tr tr tr 0 
Possible hydrothermal 
sulphide, quartz and clay in 
inorganic particle 
A20 0 tr tr tr tr 0 
Quartz and clay were part of 
a thinly interbedded 
coal/inorganic particle 
A21 12 1 1 8 2 0 Carbonate and iron oxide in micro-veins/fractures 
A22 0 tr 0 0 tr 0 
A23 0 0 0 0 tr 0 
A24 1 tr 0 0 1 0 
A25 0 tr 0 0 0 0 
A26 8 5 3 0 tr 0 
Quartz and clay were part of 
a thinly interbedded 
coal/inorganic particle or as 
an inorganic particle 
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Table 3. 12. Mineral matter counts for Ruawaro 2 Kupakupa samples. tr = trace. 
 
  Count Quartz Clay Carbonate Fe oxide Sulphide Occurrence 
B16 16 15 tr 0 1 tr 
Quartz throughout tissue and 
in inorganic particle, iron 
oxide in micro-
veins/fractures 
B17 0 tr 0 0 0 tr 
B18 0 tr tr tr tr tr 
B19 0 tr tr 0 tr 0 Iron oxide in micro-veins/fractures 
B20 0 tr 0 tr tr tr Carbonate and iron oxide in micro-veins/fractures 
B21 0 0 0 0 0 0 
B22 0 tr tr 0 tr tr Iron oxide in micro-veins/fractures 
B23 0 tr 0 0 0 tr 
B24 0 tr tr 0 0 tr 
B25 1 1 tr 0 0 tr 
B26 15 1 14 0 0 tr 
 
 
Table 3. 13. Average forms of sulphur from the TW1 drill hole on a dry basis, db. 
 
  Minimum Average Maximum SD 
Sulphate Sulphur (db) 3% 5% 12% 0.02 
Pyritic Sulphur (db) 3% 7% 14% 0.03 
Organic Sulphur (db) 77% 91% 97% 0.04 
SD = standard deviation 
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3.6. Ultimate Analysis 
3.6.1. Ultimate analysis by drill hole 
 
 Complete ultimate analysis profiles were conducted for the Renown seam from Jasper 
1, Mimi 1 and for the Kupakupa seam from the Ruawaro 2 location (Figs. 3.27, 3.28 and 3.29 
respectively). However the high ash yield/carbonaceous mudstone samples (J1, J12, J13 and 
M12) have been excluded from the results presented here. Additionally ash yield profiles (db) 
for each location have been included to identify intervals where mineral matter may be 
diluting the organic material. 
 
 
 
 
Figure 3. 27. Ultimate analysis results for Jasper 1 Renown samples J2 – J11 on a dry basis, db. 
 
 
 
At the Jasper 1 location carbon content can be seen to be lowest at the top and base of 
the coal seam (where ash yield is high) and has a general trend of increasing carbon with 
depth, with the exception of sample J6, which has the highest carbon content. Hydrogen is 
quite variable, while nitrogen is relatively uniform in the top half of the seam and more 
variable with depth. Oxygen content is highest at the top and base of the seam and tends to be 
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lower in the central parts of the core. Oxygen is calculated by difference; hence it includes all 
the errors in the elements which have been directly measured. 
 
 
 
 
 
Figure 3. 28. Ultimate analysis results for Mimi 1 Renown samples M1 – M11 on a dry basis, db. 
 
 
In the Mimi 1 core, carbon tends to be lowest where ash yield is higher (and where 
visible carbonate was present), for example in the samples M3 - M6 and M11. Hydrogen is 
variable with a similar profile to that in the Jasper 1 core, while nitrogen, with the exception 
of the deepest sample, has little variation throughout. Oxygen content at the Mimi 1 location 
also has little variation; however there is a decrease in the bottom sample 
 
In contrast to the results for the two Renown cores, the Ruawaro 2 Kupakupa core 
results for carbon, hydrogen, nitrogen and oxygen all show much larger variation in the top 
part of the seam despite very low ash yields. Less variation is seen for samples from the 
bottom third of the seam. One source of both within and between seam variability of 
ultimate analyses may be that samples were analysed at different times. The Jasper 1 and 
Mimi 1 samples were analysed within a few weeks of being cored (November 2006). In 
contrast the Ruawaro 2 samples were collected in 2005 but were analysed much later. 
Chapter 3: Coal Composition 
 
Tennille Mares 83
 
Additionally, the samples were analysed at different times, with samples B17, B20 and B24 
(Fig. 3.29) being analysed in June 2007 while the remaining samples were analysed in 
October 2007. To assess the possible effects of analysing samples at a later date three of the 
Mimi 1 samples were analysed a second time in October 2007. The difference between 
results in 2006 and 2007 is presented in Figure 3.30.  
 
 
 
 
Figure 3. 29. Ultimate analysis results for Ruawaro 2 Kupakupa samples B16 – B26 on a dry basis, db. 
The samples marked with red circles were analysed in June 2007. 
 
 
 
 
 
 
 
Figure 3. 30. Comparison of ultimate analysis results for Mimi 1 samples analysed in November 2006 and 
repeated in October 2007. 
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As can be seen, only one value was the same as it was analysed in 2006. In general, 
carbon decreased by up to 1%, hydrogen decreased by up to 8% and nitrogen increased by up 
to 20%. The trend of decreasing carbon and hydrogen contents with time is in agreement with 
previous studies (Fredericks et al., 1983; Mathews and Bustin, 1984). Laboratory 
reproducibility of these analyses is 0.6% for carbon, 0.2% for hydrogen and 0.08% for 
nitrogen (Grant Murray, pers. com. 2007). All differences, except for the carbon analyses on 
samples M4 and M6, are greater than these reproducibility numbers. Three of the Ruawaro 2 
samples (B17, B20 and B24) were also analysed twice for ash yield (2005 and 2007) and 
there was an increase seen, on a dry basis, of between 6 and 18%. Fredericks et al. (1983) 
also reported an increase in mineral matter content with coal weathering. Waikato coals have 
been previously reported to be highly reactive (Shaw, 1997). 
 
In addition to the concern about comparability of samples from the Kupakupa seam 
because of sampling times, in both of the Renown cores, hydrogen content followed a pattern 
similar to that of volatile matter (Fig. 3.31) with correlation coefficients of 0.81 for Jasper 1 
and 0.87 for Mimi 1. In contrast, in the Ruawaro 2 core hydrogen shows some divergence 
with a correlation coefficient of 0.58. Because of these reasons, there is some concern over 
the reliability of the Kupakupa results and as such, they should only be used with caution.  
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Figure 3. 31. Hydrogen content and volatile matter contents for the Jasper 1 Renown, Mimi 1 Renown 
and Ruawaro 2 Kupakupa cores on a dry basis, db. H = hydrogen (blue line), VM = volatile matter (red 
line). 
 
 
3.6.2. Ultimate analysis by seam 
 
 The results of the ultimate analyses on a by seam basis show lower values of carbon, 
hydrogen and nitrogen for the Renown seam than for the Kupakupa seam (Table 3.14). 
Unfortunately, as the representative seam splits included all samples, regardless of ash yield 
or the presence of interbedded inorganic material, this difference between seams is strongly 
influenced by non-coal material. All samples, regardless of seam, that have an ash yield of 
<5% also have >70% carbon content.  
 
The table also shows that the Baco 1, Mimi 1 and Jasper 1 locations (where the results 
exclude high ash yield samples) all have higher carbon content than the other Renown 
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locations. The averages for each of these three locations are not that dissimilar to the averages 
for the cores from the Kupakupa seam.  
 
Table 3. 14. Ultimate analysis results by location on a dry basis, db. 
 
Location Seam  Carbon %  Hydrogen % Nitrogen % n 
Ruawaro 1 Renown 62.1 4.80 1.00 1 
Ruawaro 1 Kupakupa 74.2 4.98 1.16 1 
Ruawaro 2 Renown 71.1 4.88 1.15 1 
Ruawaro 2 Kupakupa 74.4 5.36 1.02 1 
Rotongaro 1 Renown 68.7 4.90 1.07 1 
Rotongaro 1 Kupakupa 73.9 5.11 1.00 1 
Mangapiko 1 Renown 67.8 4.80 1.31 1 
Mangapiko 1 Kupakupa 72.4 5.30 1.23 1 
Baco 1 Renown 72.8 5.07 1.15 1 
Jasper 1 Renown 71.4 4.89 1.15 10 
Mimi 1 Renown 71.0 4.94 1.13 11 
        n = number of samples 
 
 
3.7. Discussion 
3.7.1. Low ash yield coal deposits 
 
 Amijaya and Littke (2005) suggested that  the very low mineral matter content seen in 
Tertiary coals from Indonesia could  be explained by three main processes (1) the process of 
doming of the peat deposits, (2) the leaching of mineral matter from previously deposited 
peat, or (3) the deposition of peat on surfaces where inorganic sedimentation processes are 
not active. They concluded that the doming of the peat with the most likely explanation. Most 
coal deposits with ash yields of <5% are interpreted to be formed as raised, ombrogenous 
mires. Because of their elevated surface level, and the flocculation of clays at the margins of 
the mire, ombrogenous peats are relatively shielded from inorganic influxes (Amijaya and 
Littke, 2005; Cohen et al., 1987; Esterle and Ferm, 1994; Staub and Cohen, 1978; Staub and 
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Esterle, 1994; Wust and Bustin, 2001). The primary source of moisture for such deposits is 
thought to be precipitation (Cohen and Stack, 1996; Moore, 1995; Staub and Esterle, 1994). 
 
For a domed Indonesian peat with low ash yield and low sulphur content Neuzil et al. 
(1993) found that in general, silicon, aluminium and iron, are the abundant inorganic 
constituents, although magnesium, calcium, and sodium dominate in the middle horizon in 
the geographic interior of the peat deposits. They suggest that the domed ombrogenous peat 
deposits will result in low ash and sulphur coal, probably less than 10% ash yield and 1% 
sulphur. Plant material was found to contribute from 1-2% of inorganic material to peat. In 
the Miocene Yallourn brown coal seam in Victoria, Australia, Holdgate et al. (2007) 
identified that the thickest region (~100 m) has very low ash yields of generally less than 
1.5% (db). This area was characterised by low silicon and aluminium and high iron content.  
They suggested that significant factors influencing this trend may have been lowered paleo-
relief in the surrounding highlands, changes in Tertiary paleoclimates, increasing aridity and 
increased weathering. 
 
Extremely low ash yields were identified from the Greymouth coals by Li et al 
(2001). Most of the studied coal plies had ash yields in the range of 0.58% to 2.5%. For 
comparison, although still very low, the lowest ash yield found in this study was 1.2% (aa). 
The highest ash yields were identified at the top and base of the seam while the lowest ash 
yields were located in the centre of the seam. Etching features were identified on quartz and 
clay minerals within the seam, as well as the remobilisation of liptinitic material into voids 
and the cleat networks, led to the conclusion that leaching processes, both during the peat 
stage and after burial, were responsible for the exceptionally low ash yields (Li et al., 2001). 
Dissolution features on minerals in peat have been previously identified by Ruppert et al. 
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(1993) and Andrejko et al. (1983). Unfortunately the current study did not go into this level 
of detail; however the lower part of Kupakupa seam should possibly be examined for these 
features. 
 
3.7.2. Mineral matter in the Huntly coal 
 
Butland (2006) analysed 8 samples from the TW1 core using XRD and found quartz 
(SiO2) and kaolinite (Al2Si2O5(OH)4) to be the predominant inorganic components. The 
carbonates calcite (CaCO3) and ankerite (Ca(Fe,Mg,Mn)(CO3)2) are also present in one of the 
analysed samples with calcite being the dominant phase. Three of the samples did not yield 
any minerals. Soong and Gluskoter (1977) also reported calcite and ankerite for run of mine 
Waikato coal while Gray and Daly (1981) suggested iron and calcium mineralisation to 
explain scatter plots. Ankerite alters to iron oxides (Nesse, 1991) possibly explaining the 
presence of the iron oxide identified in the petrological examination in this study. The 
presence of kaolinite, rather than illite suggests little to no marine influence on the coals 
(Taylor et al., 1998). Much of the clastic (detrital quartz and clay) material present in the 
Waikato coals is thought to be deposited by surface water flows (Edbrooke et al., 1994; 
Shearer et al., 1997). Additionally, Shearer et al. (1997) identified a tephra layer in the upper 
part of two out three cores analysed from the Kupakupa seam. In an analysed coal sample 
including tephra material the ash yield (using low-temperature ashing) was dominated by 
kaolinite with smaller contributions from bassanite (CaSO4·1/2H2O) and anatase (TiO2) 
(Clemens et al., 2000). 
 
Calcite and ankerite, can be precipitated in cracks or fissures by hydrothermal waters 
or directly from groundwater (Nesse, 1991; Taylor et al., 1998). Support for a hydrothermal 
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fluid source for the carbonates is presented by Zarrouk and Moore (2007) who identified that 
the water chemistry indicated that the reservoir water has originated from the deep basement 
through sedimentary rocks (high chloride/boron ratio) with an equilibrium temperature of 
around 90 ºC. This argument is further strengthened by the possible hydrothermal sulphide 
identified and the carbonate seen on cleat. Hydrothermal sulphide has been seen previously in 
association with iron replacement of carbonates in New Zealand coals (J. Newman, pers com. 
2007).  
 
An alternate possibility, proposed by Ward (2002), is that the carbonate infillings 
were formed by the expulsion of inorganically associated calcium from the organic 
components of the coal during coalification. In agreement with this, Taylor et al. (1998) state 
that it is likely that some ankerites form as a result of cation release from carboxylate during 
coalification in the subbituminous range of rank. It has been suggested that the sigmoidal 
pattern of carbonates in coal results from brittle failure of the vitrinite, with other macerals 
behaving in a more ductile manner, under a post-depositional stress regime (Ward, 2002). It 
is thought that multiple episodes of faulting have occurred in the Waikato with the faults 
currently collectively accommodating low strains of ~2 – 5% across the region (Hall et al., 
2006).  
 
 In addition to the minerals identified by Butland (2006), Edbrooke et al. (1994) in 
their study of the Waikato coalfields also report siderite (FeCO3) concretions (within the coal 
measures) diagenetic quartz, diagenetic sulphides, and rare mica. These siderite hardpans and 
concretions, frequently noted during the drilling campaign, have been analysed further by 
Middleton and Nelson (1996) and Pearson and Nelson (2005) (see example shown in Figure 
3.32), and indicate iron rich carbonate precipitation throughout the coal measures. These 
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concretions frequently have calcite cement where septarian cracking has occurred. 
Interestingly this calcite cement shows that some of the carbonate was derived from the 
oxidation of methanogenic carbon ascending from the coal seams (Middleton and Nelson, 
1996). The calcite cement in the concretions, and the discussion above, leads to the proposal 
that the majority of carbonate material in the Huntly coalfield was precipitated by 
hydrothermal fluids. 
 
 
 
Figure 3. 32. Example of concretions in the Waikato coal measures. 
 
 
Both Edbrooke et al. (1994) and Sykes and Lindqvist (1993) identified diagenetic 
quartz in the Waikato coalfields, with the mode of occurrence varying  from sparse micro-
crystals disseminated in the matrix, to intensely silicified, sub-horizontal bands of very hard, 
dull stone or stony coal. Edbrooke et al. (1994) did not find areas of heavy silicification in the 
Huntly coalfield however some diagenetic quartz was identified in several of the analysed 
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profiles. The diagenetic silica present in the Waikato coals is thought to represent early 
precipitation of quartz from silica-saturated ground waters within the peat forming 
environment during/or shortly after burial (Sykes and Lindqvist, 1993). Ruppert et al. (1985) 
interpreted quartz in the upper Freeport coal bed to be authigenic in origin. The quartz grains 
were postulated to have been sourced from plant-derived silica (phytoclasts). It has been 
highlighted by Andrejko et al. (1983) that the interiors of modern peat deposits are substantial 
reservoirs of amorphous silica. This silica is derived from the degradation of diatoms, sponge 
spicules and siliceous phytoliths associated with plant material. 
 
While pyrite tends to be more abundant in marine influenced coals (Ward et al., 1999) 
it can still be abundant in lacustrine environments (Ward, 1991). Syngenetic pyrite is thought 
mainly to precipitate resulting from the interaction of dissolved iron with H2S generated by 
the bacterial reduction of sulphate ions in the peat environment (Ward, 2002). Budge and 
MacKnight (1976) and Newman et al. (1997) reported that pyrite is insignificant in the low-
sulphur Kupakupa coals. A  distinct lack of pyrite was noted in this study and also by Butland 
(2006) and agrees with the forms of sulphur analyses. Low pyrite abundances may be 
attributed to a low dissolved sulphate concentrations of the waters in which the peat forms 
(Price and Casagrande, 1991), influxes of fresh water (unlikely in this case as there is low 
mineral matter overall) or low pH in the peat body suppressing bacterial reduction (Renton 
and Bird, 1991).  
 
Unlike many coals, for which the assumption is that the majority of sulphur is pyritic 
in origin (Parr, 1928), sulphur in New Zealand coals is commonly present as organic sulphur 
(Budge and MacKnight, 1976). It has also been proposed that when total sulphur content of a 
coal is small, the sulphur is largely organically bound (Smith and Batts, 1974). For Waikato 
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coals, Edbrooke et al. (1994) suggest that for coals where sulphur, on a dry basis, is < 1%, 
then that sulphur is essentially organic (70 - 100%). In contrast, where sulphur is ≥ 1% there 
is likely a co-occurrence of both organic and pyritic sulphur with sulphate sulphur never 
contributing > 17% of the total sulphur. In the current study, total sulphur ranges from 0.09 – 
0.86% (db) with an average of 0.29% suggesting sulphur is predominantly present as organic 
(Table 3.13).   
 
3.7.3. Element associations 
 
In this study (Figure 3.22) silicon was found to be associated with ash yield. Iron, 
calcium, magnesium, sodium and sulphur were found to be primarily associated to organic 
material, while relationships for aluminium, potassium, titanium, manganese and 
phosphorous were unclear (likely of mixed association). Newman et al. (1997) identified 
strong correlations between organic matter and calcium, magnesium, iron, sodium and boron. 
Using a nuclear microprobe, Vickridge et al. (1990) concluded that boron and a large 
proportion of calcium were likely organically bound in Waikato coals. Similar to calcium 
percentages presented here, Clemens et al. (1999) reported 55% calcium for a low ash yield 
(3.5%) coal sample from the Waikato. Moore and Fergusson (1997) also identified an inverse 
relationship between iron and ash yield, noting that the percentage iron is highest in the upper 
middle, low ash yield parts of the Kupakupa seam.  
 
Li et al. (2007) mapped the concentration of inorganic elements in visibly clean 
macerals of low-rank coals using microprobe techniques and found that a majority of these 
elements occur as non-mineral entities, possibly even as an inherent part of the organic 
structure of the macerals. In agreement with this, Ward et al. (2008) found small but 
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consistent quantities of aluminium, calcium and sometimes iron, in clean macerals from low-
rank coals which were not found in macerals from coals of higher rank. In a study analysing 
low rank coals from several countries (Li et al., 2009), collotelinite from the Huntly coalfield 
was found to include up to approximately 0.27% aluminium, 1.35% calcium, 0.11% 
magnesium, 0.12% iron and 0.16% titanium, with collodetrinite containing fractionally 
smaller quantities. As there is very little silicon (0.01%) the aluminium is not present as sub-
micron clay minerals. Where organically associated elements occur they are generally more 
abundant in vitrinite than inertinite components (Li et al., 2009; Ward et al., 2008). It has 
been suggested that the primary (or inherent) inorganic material fixed in vitrinite was fixed in 
the original coal-forming plants (Shibaoka, 1972).  
 
A study of non-mineral inorganics in Tertiary, low-rank coals of the Mae Moh basin, 
Thailand (Ward, 1991), found that much of the reported calcium, magnesium, sodium and 
iron concentrations were present in mobile form. In contrast, potassium and aluminium had 
very low mobile concentrations. Ward (1992) also found similar results for low-rank coals 
from South Australia. He concluded that the majority of the sodium, as well as a large 
proportion of sulphur, seems to be present as dissolved ions (or soluble) in pore waters, while 
most of the calcium, magnesium, manganese and the remaining sodium, occurs as 
exchangeable ions attached to carboxylate groups. Large proportions of iron and aluminium, 
along with the remaining calcium, magnesium and manganese appears to be present in acid-
soluble organometallic complexes (Ward, 1992; 2002; Ward et al., 2005). Li (2002) reports 
for a leaching experiment on a Huntly coal sample that 5% - 55% of calcium, 0% - 15% of 
magnesium and 5% - 10% of sodium are acetate soluble (present as weakly bound 
exchangeable cations). To leach aluminium, potassium, titanium, phosphorous, iron and 
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manganese, acids were required. The organically associated portions of these elements are 
therefore likely to be present as acid-soluble organometallic complexes.  
 
Potassium in the Huntly coal samples is relatively low varying from 0.09% - 1.35%. 
For the low rank Mae Moh coals Ward (1991) suggested that most of the potassium is 
probably tightly held in clay mineral structures, while for the low rank coals in South 
Australia, Ward (1992) found potassium up to 1% with an absence of illite. Newman et al. 
(1997) reported potassium values of up to 0.5% and like the current study found that 
potassium was neither organic nor mineral but may be a combination of both. Soong and 
Gluskoter (1977) reported rare illite in Waikato coals and Newman et al. (1997) identified 
minor illite in some high-ash, high-potassium samples. 
 
Considerable variation in titanium values between adjacent plies in the Kupakupa 
seam has been noted previously (Newman et al., 1997). Titanium levels in this study (in coals 
with <20% ash yield) range from 0.05% - 17.57%. Of these samples, 33 (22%) had titanium 
levels greater than worldwide mean values (1.6% oxide in ash) (Briet and Finkelman, 1998). 
High titanium levels were also identified in the Waikato by Clemens et al. (2000). One 
analysed sample had an ash yield of 7.4% and 8.32% titanium while the other sample had an 
ash yield of 3% and 5.77% titanium. The first sample included what was thought to be a 
titanium-rich tephra layer, using the geochemical signature of tephra deposits identified for 
North Island peat (Shearer et al., 1997), however they were unsure as to the cause of the high 
titanium in the second sample. Three samples from this study stand out because of their very 
high titanium percentages and difference to surrounding samples. Samples 32 (~12% 
titanium) from TW1 and samples C12 and C13 (both ~ 17% titanium) from Rotongaro 1 are 
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in the upper portion of the Kupakupa seam and have ash yields <5%. The position in the 
seam is similar to that found for tephra layers in the Waikato by Shearer et al. (1997).  
 
Manganese has been reported previously to be negligible in Waikato coals (Moore et 
al., 2005). In agreement, in the samples of this study manganese is only present in low 
quantities (<0.09%) and in some samples is below the limits of detection. Where present, 
manganese was found to have some association to iron in the Renown seam and to calcium 
and magnesium in the Kupakupa seam. In Tertiary Indian coals, Mukherjee et al. (1992) 
found manganese shows an affinity with both organic and mineral matter while, in a 
statistical study of 24 different coals, Wang et al. (2008) found manganese is correlated with 
calcium and to a lesser extent iron. 
 
Although phosphorus is a very important biogenic element, its concentration in coal is 
generally very low. Phosphorus concentrations typically range from 0.001% to 0.23% in 
coals from the U.S.A. however, Rao and Walsh (1997) found phosphorous concentrations up 
to 17.03% in a subbituminous coal from Alaska. Phosphorous values reported here range 
from below detection to 15.3%, with 29 samples (19%) having phosphorous >0.23%. 
Newman et al. (1997), found phosphorous to range from 0% to 4.18% with a good 
association between phosphorous and ash yield for the Kupakupa seam, however XRD 
analysis did not reveal any minerals with phosphorous associations. As identified in this 
chapter, phosphorous was found to be present in proximity to seam edges or seam splits. 
Newman et al. (1997) suggested that phosphorous is present as either some poorly 
crystallised authigenic mineral, or in some organic combination with the coal. Rao and Walsh 
(1997) found the high phosphorous contents to be caused by the presence of crandallite-group 
minerals.  
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3.8. Conclusions 
 
 A considerable dataset has been presented for proximate analysis and ash constituent 
values and their distribution within the Huntly coalfield. The Renown seam shows greater 
variability than the Kupakupa seam and many differences have been identified between the 
seams suggesting that the seams should be considered as separate entities. Where available 
mineral matter counts from organic petrology and ultimate analysis results have also been 
presented. Conclusions are as follows: 
 
• On average (excluding samples with >20% ash yield) the Renown seam has a higher ash 
yield (~3.8% aa) than the Kupakupa seam (~2.5% aa). In the Renown seam 72% of 
samples have ash yields of <5% (aa) while in the Kupakupa seam 89% of samples have 
ash yields of <5% and 64% have ash yields of <2% (aa). The lower half of the Kupakupa 
seam is characterised by compositionally homogeneous coal with <2% ash yield. 
• On average ash constituents in the Renown seam have higher proportions of silicon, 
aluminium, magnesium, sodium, potassium and phosphorous while the Kupakupa has 
higher average iron, calcium, titanium and sulphur.  
• The Kupakupa seam samples were divided into two groups, <2% and >2% ash yield. The 
two groups have clearly different signatures with the former group having higher 
proportions of iron, calcium, sodium and sulphur while the latter group has higher silicon, 
aluminium, titanium and phosphorous although this group still has significant 
concentrations of calcium and sulphur.  
• Silicon was found to be associated with ash yield, whereas iron, calcium, magnesium, 
sodium and sulphur were found to be primarily associated with organic material. 
Relationships for aluminium, potassium, titanium, manganese and phosphorous were 
Chapter 3: Coal Composition 
 
Tennille Mares 97
 
unclear (likely of mixed association). When analysed using cluster analysis two distinct 
groups occur, an ‘inorganic associated group’ consisting of silicon, aluminium, titanium 
and phosphorous and an ‘organically associated group’ composed of iron, calcium, 
magnesium, sodium, manganese and sulphur. Potassium changes group depending on 
seam. 
• Detrital and diagenetic quartz, detrital clay, epigenetic carbonates (likely calcite and 
ankerite); iron oxides and syngenetic pyrite were identified in the organic petrology study. 
• There is a good relationship between hydrogen content (db) and volatile matter (db). 
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Chapter Four 
 
Coal Petrology 
 
 
 
 
The macroscopic texture of the Renown coal seam was assessed from eight cores, 
while coal of the Kupakupa seam was assessed from five cores. Each of the core intersections 
were macroscopically described for coal type as well as point counted for the abundance of 
vitrain versus matrix (Moore and Ferm, 1992; Moore and Hilbert, 1992; Shearer and Moore, 
1994b). In all 1,893 macroscopic point counts were conducted on the Renown seam and 
2,438 were counted on the Kupakupa seam. In addition, petrographic analysis was conducted 
on two profiles from each seam. The Jasper 1 and Mimi 1 cores were analysed for the 
Renown seam while the Ruawaro 1 and Ruawaro 2 cores were analysed for the Kupakupa 
seam. The results of these macroscopic and microscopic analyses are presented in this 
chapter, with all the raw data and complete coal logging sheets given in Appendix 2. 
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4.1. Coal rank  
 
Mean maximum vitrinite reflectances for seam composites are presented in Table 4.1, 
with the reflectance histograms given in Appendix 2. The range of reflectance values, 0.42 – 
0.45%, fits well with previously reported reflectance values of the Huntly coalfield, 0.42 – 
0.52 % (Edbrooke et al., 1994; Li et al., 2009; Vu, 2008; Vu et al., 2008). 
 
Table 4. 1. Measured vitrinite reflectance (Rmax%) on seam composites. 
 
 
Location Seam Rmax% SD 
Mangapiko 1 Renown 0.43 0.044 
Mangapiko 1 Kupakupa 0.42 0.048 
Jasper 1 Renown 0.45 0.041 
Ruawaro 2 Kupakupa 0.45 0.044 
  
 
 
Vitrinite in some New Zealand coals are hydrogen-rich when compared with coals 
elsewhere (Newman, 1997b; Suggate, 1959). Reflectance suppression is thought to be 
primarily caused by: (1) variation in the hydrogen content of vitrinite (with higher hydrogen 
contents resulting in lower measured vitrinite reflectance), and (2) marine influence 
(Newman and Newman, 1982; Smith and Smith, 2007; Ward et al., 2007). Interestingly, 
Quick and Tabet (2003) found suppressed reflectance associated with higher methane yields 
in the Ferron coalbed gas fairway in Utah (U.S.A.). They ascribed this result to an 
overpressure during the early stages of coalification. It is commonly accepted that to identify 
reflectance suppression ideally more than one parameter should be used to determine rank 
(Newman, 1997b; Newman et al., 2000; Quick, 1994; Wilkins et al., 1992). 
 
The Suggate rank scale (Suggate, 2000) plots the maturity of coals of differing coal 
types using two diagrams, one based on the Van Krevelen diagram, and the other with axes of 
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calorific value and volatile matter. The Suggate plot has an average-type line showing 
progressive coalification and iso-rank lines that indicate variation resulting from changing 
coal type. All samples, excluding those where ash yield is >10%, have been plotted using the 
calorific value versus volatile matter values for each seam (Fig. 4.1). 
 
For the samples in this study, Suggate rank is generally between 6.0 and 7.0. However 
there are a few outliers. For example, two samples in Figure 4.1A have Suggate values < 6.0. 
Sample J2 from the Jasper 1 drill hole has a Suggate rank of 5.1 while sample 22 from the 
TW1 core has a rank of 4.3. Both of these samples have ash yields of 9%. Sample C12 from 
the Rotongaro drill hole plots above the New Zealand coal band in marked Figure 4.1B. This 
sample has been previously shown in Figure 3.4 to have a higher ash yield and a higher 
volatile matter content than the samples surrounding it. Previous Suggate ranks for the Huntly 
coalfield have been reported to vary from 5.0 to 9.2 (Butland, 2006; Edbrooke et al., 1994; 
Vu, 2008; Vu et al., 2008).  
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Figure 4. 1. Suggate plot for volatile matter versus calorific value on a dry, mineral matter and sulphur 
free basis (dmmsf – for corrected data see Appendix 2) for (A) the Renown seam and (B) the Kupakupa 
seam. 
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Greater lateral variation in Suggate rank values can be seen for each location in the 
Renown seam samples than for the Kupakupa samples. The Kupakupa samples plot 
reasonably parallel to the iso-rank lines. Data points spread parallel to iso-rank lines result 
from variation in the volatile matter content and calorific value related to coal type changes 
rather than from rank changes. The lateral variation in rank seen for the Renown seam 
samples is likely a result of the higher ash yield and inertinite content of the Renown seam. 
Confirmation of sample differences being from type changes, as opposed to rank differences, 
can be seen in the results of the VIRF analyses (Fig. 4.2 and Appendix 2). If there were any 
rank differences between the samples it would be identifiable by lateral shifts in the sample 
profiles (Newman, 1997b). There is no evidence for reflectance suppression in the Huntly 
coalfield. 
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Figure 4. 2. Results for selected samples analysed using the VIRF technique. (A) Renown samples from 
the Jasper 1 core. (B) Kupakupa samples from the Ruawaro 2 core. 
 
 
 
The freshness and storage history of a sample is known to have considerable influence 
on vitrinite fluorescence, with very high fluorescence values collected from pristine coals and 
much lower values obtained from stored and outcrop samples (Newman, 1997a; Quick, 1992; 
Quick, 1994). Newman (1995) found that fluorescence equilibrium conditions were reached 
within approximately one year of sampling under conventional storage conditions. As such, 
the difference in fluorescence between the Jasper 1 and Ruawaro 2 samples (Figure 4.3) is 
likely primarily a function of sample history with the Ruawaro 2 samples being collected 
over two years prior to VIRF analysis while the Jasper 1 samples were collected about one 
year prior to analysis. 
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Figure 4. 3. VIRF analysis results grouped by seam. 
 
 
4.2. Macroscopic texture 
4.2.1. Macroscopic texture by drill hole 
 
The distribution of coal types in the TW1 core is presented in Figure 4.4. Coal type 
distribution and percent vitrain information for the TW1 location was first presented by 
Butland (2006), however the phi size data for TW1 has not previously been presented.  
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Figure 4. 4. Distribution of coal types in the TW1 core. The Renown seam is shown on the left with the 
Kupakupa seam shown on the right. 
 
 
 
Much greater variation in coal type can be seen in the Renown seam at TW1 than for 
the Kupakupa seam. The Renown seam is dominated by the bright luster, non banded (BNB) 
coal type while the Kupakupa seam is relatively homogenous composed predominately of 
bright luster, moderately banded (BMB) coal with intervals of bright luster, highly banded 
(BHB) coal  in the middle and at the base of the seam.  
 
 The split Renown seam at the Ruawaro 1 location, as presented in Figure 4.5, is 
generally moderately banded with BHB coal in the A10 and A11 samples. In contrast, the 
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Kupakupa seam has alternating intervals of BNB followed by banded coal. BHB coal is again 
present in the middle and at the base of the seam.  
 
 
 
 
Figure 4. 5. Distribution of coal types in the Ruawaro 1 core. The Renown seam is shown on the left with 
the Kupakupa seam shown on the right. 
 
  
The vertical coal type distribution for the Ruawaro 2 core is shown in Figure 4.6. The 
majority of the coal in the Renown seam in this core is BNB, while the bulk of the Kupakupa 
seam is non- to moderately banded. In both seams there is an interval of BHB coal occurring 
at the base of the seam. There were several non-coal layers, within the 0.5 m canister 
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intervals, identified during logging. Some of these canister intervals do not show an increase 
in ash yield results (Chapter 3) from the surrounding coal on either side. From this there were 
concerns about the methods used for some of proximate analyses. It is thought that for some 
of the canisters (in which both coal and lithic material was present) only the coal material was 
used for proximate analysis as opposed to using a representative split of the entire canister 
interval (as requested). Samples B11, B12 and B13 from Ruawaro 2 analyses and sample 
A27 from Ruawaro 1 appear to confirm this.  
 
 
 
 
Figure 4. 6. Distribution of coal types in the Ruawaro 2 core. The Renown seam is shown on the left with 
the Kupakupa seam shown on the right. 
 
  
The thin Renown seam cored at the Rotongaro 1 location is predominantly composed 
of the BNB coal type with the lower part of the seam being too crushed to identify any 
textural features (Figure 4.7). The almost 12 m thick Kupakupa however, is largely banded in 
the upper half and non-banded in the lower half of the seam. Unlike the other locations 
presented, the coal at the base of the Kupakupa seam in this location is not BHB. 
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Figure 4. 7. Distribution of coal types in the Rotongaro 1 core. The Renown seam is shown on the left with 
the Kupakupa seam shown on the right. 
  
 
 In contrast to the Renown seam in most of the other locations, at the Mangapiko 1 
location the Renown seam is dominated by the banded coal types with the coal at the base of 
the seam being BHB (Fig. 4.8). The Kupakupa seam at this location is completely composed 
of banded coal types, although with a greater proportion of BHB coal than seen in the 
Renown seam. The BHB coal type is predominantly present in the lower half of the 
Kupakupa seam. 
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Figure 4. 8. Distribution of coal types in the Mangapiko 1 core. The Renown seam is shown on the left 
with the Kupakupa seam shown on the right. 
 
 
 The coal type profiles for the Renown seam at the Jasper 1, Mimi 1 and Baco 1 
locations are all presented in Figure 4.9. Both the Jasper 1 and Mimi 1 profiles show thick 
intervals of BNB coal in the mid-seam areas with banded material in the upper and lower 
parts of the seam (sample J2 is difficult to classify because of the persistent calcite 
mineralization while J11 is noted as being banded). Unfortunately very little information was 
able to be collected from the Baco 1 location because of the highly crushed coal retrieved. 
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Figure 4. 9. Distribution of coal types in the Jasper 1, Mimi 1 and Baco 1 cores.  
 
 
4.2.2. Macroscopic texture by seam 
 
In the location profiles just discussed it can be seen that, with the exception of 
Rotongaro 1, the coal at the base of the Kupakupa seam is highly banded. This is also true of 
several of the Renown seam profiles. Edbrooke et al. (1994) and Newman et al. (1997) also 
report an increase in banded material around the seam floor and inorganic partings in the 
Waikato coalfields. Resin nodules of various sizes were observed in samples throughout the 
coal in both seams. Resin nodules are common in low rank coals (Suggate, 1959). Cleat 
spacings in the coal were found to vary from 1 – 4 cm. 
 
A total of 1,077 vitrain bands were point counted and measured in this study. In the 
Renown seam 404 vitrain bands were counted as opposed to the Kupakupa seam cores in 
which 673 were counted. Thus the Kupakupa seam cores contained more vitrain, in general, 
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than the Renown seam (28% of all counts, as opposed to 21%). The percentage of each coal 
type identified at each location is presented in Table 4.2. From this data, it becomes clear that 
generally a high proportion of the coal in the Renown seam is composed of the BNB coal 
type. This is further seen from plotting the percentage of each coal type by seam (Fig. 4.10). 
As expected the relationship between coal type and percentage vitrain shows that the 
percentage vitrain increases from BNB to BHB coal, quantitatively substantiating the 
qualitative classification scheme (Fig. 4.11).  
 
Table 4. 2. Percentage composition of coal types in core at each location. 
 
 
  Renown Kupakupa 
  BNB BMB BHB BNB BMB BHB 
TW 1 72% 28% 0% 7% 48% 45% 
Ruawaro 1 18% 49% 33% 50% 26% 24% 
Ruawaro 2 89% 11% 0% 47% 39% 13% 
Rotongaro 1 83% 0% 17% 41% 46% 14% 
Mangapiko 1 20% 46% 34% 0% 64% 36% 
Jasper 1 64% 36% 0% 
Mimi 1 52% 42% 6%       
 
 
 
 
 
Figure 4. 10. Percentage coal type for the Renown and Kupakupa seams. BNB= bright luster, non banded 
coal, BMB= bright luster, moderately banded coal and BHB= bright luster, highly banded coal. 
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Figure 4. 11. Percentage vitrain shown versus coal type for (A) the Renown seam and (B) the 
Kupakupa seam. BNB= bright luster, non banded coal, BMB= bright luster, moderately banded 
coal and BHB= bright luster, highly banded coal. 
 
 
A comparison of average phi size by coal type shows that the vitrain bands become 
coarser from BNB to BHB. This suggest that the more banded the coal, the thicker the bands, 
with the more highly banded material in the Renown seam being coarser than that in the 
Kupakupa seam (Fig. 4.12). The average phi sizes by location and by seam are presented in 
Table 4.3. It must be noted that average phi sizes are small, showing that the vitrain bands are 
generally thin. Of all the vitrain bands measured approximately 70% have a diameter of 1 
mm or less, 90% have a diameter of 3mm or less, and 99% have a diameter of 10 mm or less.  
 
Table 4. 3. Average phi size for each location by seam. 
 
 
  Renown Kupakupa 
TW1 -0.12 -0.69 
Ruawaro 1 -0.11 -0.10 
Ruawaro 1 0.13 -0.21 
Rotongaro 1 0.12 
Mangapiko 1 -0.24 0.18 
Jasper 1 0.13 
Mimi 1 0.00 
Average -0.06 -0.11 
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Figure 4. 12. Average vitrain band thickness (phi size) versus coal type for (A) the Renown seam 
and (B) the Kupakupa seam. BNB= bright luster, non banded coal, BMB= bright luster, 
moderately banded coal and BHB= bright luster, highly banded coal. 
 
 
4.2.3. Macroscopic texture by location 
 
Four of the drill holes (Ruawaro 2, Baco 1, Mimi 1 and Jasper 1) are located in the 
same area (designated the ‘Beverland Road’ area), while the other drill holes are distributed 
throughout the coalfield. If coal type results for the Renown seam are grouped by location, 
the Beverland Road cores are composed of 67% BNB whilst the other Renown seam sites 
(Ruawaro 1, Rotongaro 1 and Mangapiko 1) are composed of only 48% BNB coal types (Fig. 
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4.13). The average phi size is also much finer at the Beverland Road location, 0.07 φ, 
compared with an average of –0.17 φ at the other locations. These results identify the coal 
retrieved from the Beverland Road site as being compositionally different to coal retrieved 
from the Renown seam in drill holes located in other parts of the coalfield. 
 
 
 
 
Figure 4. 13. Coal type distribution for the Renown seam at the Beverland Road site and the 
Renown seam of the other drill holes combined. BNB= bright luster, non banded coal, BMB= 
bright luster, moderately banded coal and BHB= bright luster, highly banded coal. 
 
4.3. Organic Petrology 
4.3.1. Organic petrology by drill hole 
 
The major maceral groups identified for the samples collected from the Renown seam 
at the Jasper 1 location are presented in Figure 4.14 (For full table see Appendix 2). Clearly, 
vitrinite is the dominant component ranging from 69% (in sample J7) to 86% (J4), on a 
mineral matter free basis (mmf). Noticeably the vitrinite component is dominated by 
detrovitrinite.  
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Figure 4. 14. Organic petrology results for samples for the Renown seam from Jasper 1 core. 
 
 
   For the samples analysed in the Jasper 1 drill hole, the most abundant maceral of the 
telovitrinite subgroup is collotelinite D, contributing 3% – 22% of the total composition, 
followed by collotelinite A contributing up to 5%. Collodetrinite and vitrodetrinite are the 
predominant macerals identified throughout the profile having ranges of 21% – 35% and 23% 
– 41% of the total composition respectively. Gelovitrinite represents only a small proportion 
of the total composition, with corpocollinite reaching a maximum of 3% while porigelinite is 
as high as 4%.  
 
  
The highest liptinite content (22%) was recorded in sample J7. No other sample from 
this location contained more than 15% liptinite. During the petrographic analysis it was noted 
that sample J7 has some liptinite-rich particles that have abundant sporinites. The major 
contributor in the liptinite group was liptodetrinite, 6% - 15%, with resinite contributing up to 
3% and sporinite up to 2%. The inertinite group is the least represented maceral group within 
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the samples from the Jasper 1 location, reaching a maximum of 13% in sample J6. The two 
most predominant macerals in the inertinite group are inertodetrinite and funginite 
contributing 3% - 7% and 1% - 4% respectively. 
 
The second Renown seam profile analysed, from the Mimi 1 location (Figure 4.15), 
has a noticeably similar trend for maceral group percentages to that identified from the Jasper 
1 location. This was not unexpected because of the close proximity of these two locations. 
Total vitrinite content ranged from 72% (sample M6) to 86% (sample M3). As was noted in 
the Jasper 1 samples, vitrinite is again primarily composed of detrovitrinite. Interestingly for 
both seams the samples with the highest vitrinite content (J4 and M3) also have the highest 
gelovitrinite content. 
 
 
Figure 4. 15. Organic petrology results for samples for the Renown seam from Mimi 1 core. 
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In samples analysed from the Mimi 1 drill hole, the most abundant maceral of the 
telovitrinite subgroup is collotelinite D, contributing 3% – 12% of the total composition, 
followed by collotelinite B and collotelinite A contributing up to 6% and 5% respectively. 
Collodetrinite and vitrodetrinite were again the predominant macerals identified, having 
ranges of 17% – 35% and 22% – 45% of the total composition respectively. The gelovitrinite 
macerals, corpocollinite and porigelinite have concentrations of up to 4% and 6% 
respectively. 
 
The highest liptinite percentage in the Mimi 1 core is 18% (sample M1). In general 
there is less variability in liptinite content in the Mimi 1 samples than for the Jasper 1 
samples. Liptinite-rich and liptinite- inertinite-rich areas were identified mid-seam (samples 
M5, M6 and M7). The liptinite group was composed predominately of liptodetrinite, 6% - 
13%, with suberinite, resinite and sporinite each contributing up to 3%. The inertinite content 
was highest in sample M7, at 13%, with inertodetrinite contributing 2% - 7% and funginite 
1% - 6%. 
 
The Kupakupa seam profile analysed from the Ruawaro 1 location (Figure 4.16) 
shows that the Kupakupa seam is also dominated by the vitrinite group, particularly 
detrovitrinite, with a larger contribution of telovitrinite macerals and noticeably less 
gelovitrinite macerals than the Renown seam profiles. Total vitrinite content ranged from a 
low of 75% (sample A13) to a high of 86% (sample A24). 
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Figure 4. 16. Organic petrology results for samples for the Kupakupa seam from Ruawaro 1 core. 
 
 
In the Ruawaro 1 drill hole, the dominant maceral of the telovitrinite group is again 
collotelinite D, contributing from 3% to 31% of the total composition, followed by 
collotelinite A contributing up to 7%. The sample with the highest structured vitrinite 
content, A26, also contains thick particles of cutinite. Collodetrinite and vitrodetrinite are still 
in general the predominant macerals identified, having ranges of 19% – 42% and 18% – 50% 
of the total composition respectively. As mentioned above, the gelovitrinite content is lower 
than seen for the Renown seam profiles, with corpocollinite and porigelinite only 
contributing up to 3% and 1% of the total composition, respectively. 
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The largest liptinite contribution, in the Kupakupa seam from the Ruawaro 1 drill 
hole, is 17% (sample A15). This sample also contains particles with laminated clays and 
concentrated liptinite and inertinite. These features were also noted in the two 
stratigraphically lower samples (A14 and A13). Overall the seam interval liptinite is 
predominately composed of liptodetrinite, 6% - 13%, with resinite contributing up to 3%. The 
inertinite content was highest in sample A25 (10%), with inertodetrinite contributing up to a 
maximum of 8% and funginite up to 3%. 
  
The second Kupakupa profile was analysed from the Ruawaro 2 location (Fig. 4.17). 
The profile is not dissimilar to that seen for the Ruawaro 1 profile although there is a larger 
contribution by gelovitrinite macerals. Total vitrinite content is again very high ranging from 
74% (sample B26) to 88% (sample B23). 
 
Collotelinite D is again the dominant maceral of the telovitrinite subgroup in the 
Ruawaro 2 core, ranging from 5% to 19% of the total composition, with collotelinite A 
contributing up to 5%. Collodetrinite and vitrodetrinite are abundant with ranges of 24% – 
38% and 18% – 43% respectively. The gelovitrinite macerals, corpocollinite (up to 4%) and 
porigelinite (up to 6%), are more common in the Ruawaro 2 profile than in the Ruawaro 1 
profile. 
 
The largest liptinite percentage in the Ruawaro 2 core is 23% (sample B26). 
Texturally, this sample was noted to have frequent fine liptinites mixed throughout the matrix 
material. The liptinite group is predominately composed of liptodetrinite (6% - 15%), with 
resinite contributing up to 4% and suberinite up to 3% of the total composition. The inertinite 
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content is highest in sample B20, at 7%, with inertodetrinite and funginite each contributing 
up to 4%. 
 
 
 
Figure 4. 17. Organic petrology results for samples for the Kupakupa seam from Ruawaro 2 core. 
  
 
4.3.2. Organic petrology by seam 
 
 
The average vitrinite, liptinite and inertinite contents of the Renown and Kupakupa 
seams, using the samples discussed above, are presented in Figure 4.18A. The difference 
between the seams is that the Renown seam has less vitrinite and more inertinite than the 
Kupakupa seam. Both seams have a similar liptinite percentage. The average percentage that 
each of the different textural components of vitrinite, structured vitrinite (telovitrinite and 
gelovitrinite), collodetrinite and vitrodetrinite, contributes to the total coal composition is 
presented by seam in Figure 4.18B. The Kupakupa seam has higher average percentages of 
all three types of vitrinite. For both seams vitrodetrinite is the dominant maceral. A more 
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detailed comparison of the composition of the two seams is presented in Figure 4.19. It can 
be seen that, on average, the Renown seam has higher proportions of telinite, gelovitrinite 
(corpocollinite and porigelinite), sporinite, semifusinite, funginite and inertodetrinite, while 
the Kupakupa seam has higher telovitrinite (most noticeably telocollinite A and D), 
collodetrinite, vitrodetrinite and cutinite. Figure 4.18 and 4.19 show the Kupakupa seam has 
both higher vitrinite content and a higher proportion of larger, more structured tissue than the 
Renown seam. This agrees well with the Section 4.2.2 finding a higher prevalence of banding 
in the Kupakupa seam rather than the Renown seam. 
 
 
 
 
Figure 4. 18.  (A) Maceral group averages by seam. (B) Average percentage of vitrinitic textural 
components by seam. Str. Vitr =Structured vitrinite, Cd = collodetrinite, Vd = vitrodetrinite. 
 
 
 The maceral group proportions reported here for samples from the Huntly coalfield 
are similar to those published in previous studies (Butland, 2006; Edbrooke et al., 1994). 
Organic petrology results presented in Figures 4.14 – 4.17 above were combined with those 
of two samples from Rotongaro 1 (C4 and C11), three from Mangapiko 1 (D13, D18 and 
D19), eight from TW1 (Butland, 2006) and six samples from profiles 9 - 14 as reported by 
Edbrooke et al. (1994) to create overall seam averages (Table 4.4). It can be seen that on 
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average the Renown seam has lower vitrinite content and almost double the inertinite content 
of the Kupakupa seam.   
 
 
 
 
 
Figure 4. 19. (A) Average percentage of vitrinite macerals by seam. (B) Average percentage of vitrinite 
subgroups and liptinite and inertinite macerals by seam. 
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Table 4. 4. Maceral group seam averages (mmf) by seam including data from TW1 (Butland, 2006) and 
for profiles P9-P14 (Edbrooke et al., 1994). 
 
  Seam Minimum Average Maximum SD n 
Vitrinite 
Renown 69.01 79.44 88.89 5.17 29 
Kupakupa 74.02 83.85 92.93 4.25 36 
Liptinite 
Renown 4.12 12.00 21.53 4.15  
Kupakupa 2.06 11.30 22.68 4.19  
Inertinite 
Renown 3.42 8.52 13.25 2.10  
Kupakupa 1.20 4.79 10.00 2.91  
 
 
 
4.3.3. Microscopic texture 
 
 
As shown in Sections 4.3.1 and 4.3.2, the high vitrinite content of the coal samples is 
predominantly composed of collodetrinite and vitrodetrinite. Additionally, the dominant 
macerals for the liptinite and inertinite components were liptodetrinite and inertodetrinite. As 
such, the texture at the microscopic level is frequently mottled, fine-grained and unstructured 
with numerous small grains. 
 
 Two different matrix textures were observed that could not be characterized by 
standard petrographic classification schemes. One appeared ‘mushy’ and unconsolidated with 
no distinct orientation, while the other appeared more consolidated and exhibited a preferred 
alignment (Figure 4.20). Although this distinction is subjective, it is thought that the more 
unconsolidated-looking matrix is more common in BNB coal intervals, while the more 
consolidated-looking matrix material is more common in banded coal type intervals.  
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Figure 4. 20. (A) Less consolidated ‘mushy’ matrix material. (B) More consolidated matrix material 
showing preferential orientation. 
 
 
 Micro-deformation features (micro-faults and micro-brecciation) were also noted 
during petrographical examination. These features were observed in samples from all 
locations and were particularly noticeable in samples J9 (Jasper 1), A17, A21 (Ruawaro 1) 
and C4 (Rotongaro 1). The far majority of observations of micro-deformation were noted in 
macerals sourced from plant tissue.  
 
4.3.4. Porosity 
 
 
In the macroscopic examination of the coals from the Huntly coalfield, visible 
porosity in hand held specimens tended to only be in the form of cleats. Some pores were 
observed using microscopic methods (Figure 4.21). Larger pores, up to around 30 μm in 
diameter, were seen in funginite, although funginite only contributes 1% - 6% of Huntly coal, 
while smaller pores (generally <3 μm) were seen in structured vitrinite (telovitrinite). Of the 
2871 collotelinite C and D, >50 µm in diameter, tissues point counted, 35% have visible 
pores. It was found that 51% of the pores checked under UV light were open while the 
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remaining pores had fluorescent resin infill. It is thought that finer porosity, in the sub-micron 
size range, exists in the matrix material, around grain boundaries, in the sometimes porous 
collodetrinite and, where present, in porigelinite. 
 
 
 
 
 
Figure 4. 21. Porosity observed in Huntly coals. (A-B) porosity in collotelinite D, (C) porosity in 
corpocollinite, (D) micro-porous porigelinite, (E) large pore in a unicellular funginite, and (F) porosity in 
funginite. 
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4.3.5. Hydrocarbons 
 
 
 Under UV light, greenish blurring and occasional bubbles were observed moving 
from the cracks and cleats in some samples. This phenomenon was particularly noticeable in 
the Jasper 1 suite of samples. Bubbles were noticed escaping in samples J4, J5, J6 (Jasper 1), 
M2, M6, M9 (Mimi 1), A15 (Ruawaro 1), B17, B18, B19 and B21 (Ruawaro 2). In sample 
B17 a particle cracked to release a bubble. It is thought that this fluorescence is mobile 
hydrocarbons rapidly emitted from micro-fractures and porosity. Bubbling occurs when 
hydrocarbons vapourise because of heating under UV illumination (J. Newman, pers com. 
2007). 
 
4.3.6. Average fluorescence intensity 
 
The average fluorescence results for the vertical profiles from the Jasper 1 Renown 
seam (samples J2 – J11) and the Ruawaro 2 Kupakupa seam (samples B16 – B26) are 
presented in Figure 4.22. The Renown seam samples show higher variability in average 
fluorescence than the samples from the Kupakupa seam. Sample J7 from Jasper 1 has 
noticeably higher average fluorescence intensity, and sample B19 has distinctly lower 
average fluorescence intensity, than the remaining samples of their respective profiles. 
Sample J7 has the highest volatile matter content (Fig. 3.31) as well as a significantly larger 
proportion of liptinite material than the other samples from the Jasper 1 drill hole. In contrast, 
sample B19 has the lowest volatile matter content and one of the lowest liptinite percentages 
when compared to the other Ruawaro 2 samples. 
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Figure 4. 22. Average fluorescence profiles for (A) Jasper 1 Renown seam, and (B) Ruawaro 2 Kupakupa 
seam. 
 
 
 
 The relationship of average fluorescence with other organic components was 
investigated using correlation tables with the correlation coefficients presented in Table 4.5. 
Average fluorescence has a good relationship with volatile matter content and is also 
somewhat associated with hydrogen content. The Renown seam shows a good association 
between average fluorescence and liptinite materials, however this association is not present 
for the Kupakupa seam. Vitrinite fluorescence is known to vary primarily with vitrinite 
chemistry and is hence not controlled by maceral group proportions. The correlation 
identified with liptinite in the Renown samples may indicate a period of sapropelic 
depositional conditions, i.e. the formation of a pond where liptinite macerals concentrated 
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and oxygen supply was deficient (hence relatively hydrogen-rich vitrinite) (J. Newman, pers 
com. 2008). 
 
 
Table 4. 5. Correlation table comparing average fluorescence by seam with coal chemistry and 
composition. Only variables with correlations greater than 0.40 have been included in the table. Variables 
with correlations >0.50 have been highlighted in yellow. 
 
  
Jasper 1 
Renown 
Ruawaro 2 
Kupakupa 
Hydrogen db 0.42 0.46 
Volatile Matter  db 0.70 0.67 
Telinite 0.52 -0.35 
Collotelinite B 0.45 0.40 
Collotelinite C 0.03 0.65 
Collodetrinite A 0.61 0.17 
Cutinite -0.40 0.45 
Suberinite 0.42 0.13 
Sporinite 0.70 0.00 
Liptodetrinite 0.61 0.20 
Liptinite 0.70 0.15 
 
 
 
4.4. Coal type properties 
4.4.1. Coal chemistry and macroscopic coal type 
 
 
 To identify any coal properties typical of the coal types, a coal type database was 
generated by excluding any canister intervals not composed of a single coal type. This 
reduction left 106 canister intervals; 43 BNB, 48 BMB and 15 BHB, with no interval having 
an ash yield of >20%. Proximate results, grouped by coal type (regardless of seam), are 
presented in Figure 4.23. Interestingly, ash yield can be seen to increase as the degree of 
banding increases. Additionally the BHB coal type shows lower fixed carbon content than the 
other coal types.  
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Figure 4. 23. Proximate analysis results (aa) grouped by coal type. 
 
 
 As the percentages of some ash constituents (e.g. silicon, aluminium and sulphur) 
differed significantly between the seams (see Chapter 3), it was necessary to present the ash 
constituents for each coal type by seam so as not to cloud trends (Figs 4.24). For both seams 
it can be seen that the more inorganically associated elements (silicon, aluminium, titanium 
and phosphorous) tend to increase as the degree of banding increases. This trend is similar to 
what is seen between coal type and ash yield. In contrast, the more organically associated 
elements (iron, calcium, magnesium, sodium and sulphur) tend to decrease as banding 
increases. Moore and Fergusson (1997) also found that the least banded coal types have the 
highest percentage of iron. 
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Figure 4. 24. Ash constituents grouped by coal type for (A) the Renown seam samples and (B) the 
Kupakupa seam samples. 
  
To further investigate the relationships between coal type and elements, a cluster 
analysis was performed (Fig. 4.25). As expected percent vitrain was closely related to coal 
type. Interestingly the dendrogram not only shows the inorganic and organic groupings 
identified in Chapter 3 but also reveals that the ash yield and the predominately inorganically 
associated elements are related to coal type.  
0.0
10.0
20.0
30.0
40.0
50.0
Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5
Pe
rc
en
ta
ge
BNB
BMB
BHB
A
0.0
10.0
20.0
30.0
40.0
50.0
Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5
Pe
rc
en
ta
ge
BNB
BMB
BHB
B
Chapter 4: Coal Petrology 
 
Tennille Mares 131
 
 
Figure 4. 25. Dendrogram presenting the cluster analysis results examining relationships between 
elements and coal type for data from both the Renown and Kupakupa seams. 
 
 
 Although there was limited data, ultimate analysis results were also evaluated for 
variation by coal type (Table 4.6). As there was only 1 BHB sample in the dataset, only the 
BNB (13 samples) and BMB (9 samples) coal types could be compared. No significant 
differences were identified between the coal types.  
 
Table 4. 6. Average ultimate analysis results by coal type (db). 
 
  BNB BMB 
Carbon % 71.93 72.22 
Hydrogen % 4.91 5.03 
Nitrogen % 1.15 1.16 
Sulphur % 0.21 0.24 
Oxygen % 18.17 17.82 
n 13 9 
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4.4.2. Organic petrology and macroscopic coal type 
 
 
The organic petrology of the samples was also compared on the basis of macroscopic 
coal type (Fig. 4.26A). The most noticeable difference between the coal types is the inertinite 
content, which decreases as macroscopic banding increases. The BHB coal type also has the 
highest liptinite content. As would be expected, the proportion of structured vitrinite 
increases and vitrodetrinite decreases as banding increases (Fig. 4.26B). A more detailed 
comparison of maceral differences between coal types is presented in Figure 4.27. As the 
degree of macroscopic banding increases, the concentration of all telovitrinite, telinite and 
collotelinite A-D, cutinite, suberinite, and resinite also increases. Alternately, the less banded 
the coal the greater the vitrodetrinite, sporinite, funginite and inertodetrinite contents. From 
Figures 4.26 and 4.27, it can be stated that as banding increases at the macroscopic level the 
proportion of structured tissue increases at the microscopic level. 
 
 
 
 
 
Figure 4. 26. (A) Maceral group averages by coal type. (B) Average percentage of vitrinitic textural 
components by coal type. BNB= bright luster, non banded coal, BMB= bright luster, moderately banded 
coal and BHB= bright luster, highly banded coal, Str. Vitr =Structured vitrinite, Cd = collodetrinite, Vd = 
vitrodetrinite. 
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Figure 4. 27. (A) Average percentage of vitrinite macerals by coal type. (B) Average percentage of 
vitrinite subgroups and liptinite and inertinite macerals by coal type. BNB= bright luster, non banded 
coal, BMB= bright luster, moderately banded coal and BHB= bright luster, highly banded coal. 
 
 
The average maceral group composition by seam for both the BNB and the BMB coal 
types is presented in Figure 4.28. BHB samples were only available for the Kupakupa seam 
and hence have not been presented here. The maceral group averages show that for the BNB 
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coal type the Renown seam has lower vitrinite content and roughly double the inertinite 
content of the Kupakupa seam. The compositional distinction between seams is not as 
noticeable for the moderately banded samples. This difference in composition between BNB 
coal from the two seams suggests the higher abundance of inertinite associated with the BNB 
coal type is possibly the reason for the higher inertinite content of the Renown seam.  
 
 
 
 
Figure 4. 28. Maceral group averages by seam. (A) Bright luster, non banded coal type (B) bright luster, 
moderately banded coal type. 
 
 
4.4.3. Organic petrology and ash constituents 
 
 In Section 4.4.1 an association was identified between coal type and ash constituents, 
with the largest percentages of the predominately inorganically bound elements being linked 
to the most banded coal type. To see how this extends into the microscopic realm a 
correlation table was generated with the strongest maceral associations shown in Table 4.7.  
 
For three of the four seam intersections, there is a good association (correlation 
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degree phosphorous. It must be acknowledged that the phosphorous contribution is very 
small and in some samples is below detection limits. In contrast silicon shows little to no 
relationship with structured material. This suggests that although silicon is more common 
when banding is present it is not intimately bound with any particular macerals. In addition 
this fits well with the inorganic association for silicon identified in Figure 3.22, and the more 
mixed association for aluminium and titanium. For both Kupakupa locations inorganic 
material is linked to liptinitic material, primarily liptodetrinite. The Jasper 1, Mimi 1 and 
Ruawaro 2 drill holes are all from the Beverland Road location from which the Ruawaro 1 
drill hole is located several kilometers away.  
 
Table 4. 7. Correlation table comparing the ‘inorganically bound’ ash constituents by location with coal 
composition. Only macerals with associations have been included in the table. Variables with correlations 
>0.50 have been highlighted in yellow. 
 
    
Collotelinite 
D Collotelinite 
Telo-
vitrinite Vitrinite 
Lipto-
detrinite Liptinite 
Jasper 1 
Renown 
Ash db 0.04 0.15 0.13 0.20 -0.05 -0.10 
SiO2 0.21 0.30 0.29 0.15 -0.02 0.02 
Al2O3 0.80 0.82 0.81 0.70 -0.61 -0.61 
TiO2 0.83 0.90 0.90 0.51 -0.42 -0.39 
P2O5 0.75 0.84 0.83 0.35 -0.28 -0.25 
Mimi 1 
Renown 
Ash db 0.67 0.49 0.45 0.12 -0.14 -0.11 
SiO2 0.41 0.25 0.22 0.02 -0.02 0.07 
Al2O3 0.70 0.60 0.64 0.55 -0.31 -0.41 
TiO2 0.76 0.65 0.65 0.34 -0.17 -0.15 
P2O5 0.36 0.21 0.38 0.63 -0.40 -0.48 
Ruawaro 1 
Kupakupa 
Ash db -0.02 -0.16 -0.17 -0.27 0.55 0.40 
SiO2 -0.19 -0.24 -0.25 -0.42 0.70 0.60 
Al2O3 0.05 -0.06 -0.07 -0.39 0.56 0.48 
TiO2 -0.15 -0.21 -0.22 -0.44 0.69 0.60 
P2O5 -0.01 -0.10 -0.10 0.28 0.02 -0.10 
Ruawaro 2 
Kupakupa 
Ash db 0.45 0.59 0.57 -0.78 0.75 0.85 
SiO2 -0.02 0.02 0.01 -0.02 0.11 0.15 
Al2O3 0.58 0.73 0.72 -0.71 0.64 0.74 
TiO2 0.43 0.60 0.58 -0.73 0.68 0.78 
P2O5 0.42 0.55 0.53 -0.79 0.74 0.84 
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4.5. Discussion 
 
4.5.1. Controls on the distribution of coal types  
 
The coal types described in this study are defined by the proportion of vitrain bands 
present. Vitrain band abundance in the Huntly coals range from 0% to 70%. Although Esterle 
et al. (1992) reported bands in the Kupakupa seam of up to 6 cm (-5.91 φ) in diameter, the 
maximum measured band thickness in this study was 30 mm (-4.91 φ), with only 1% vitrain 
bands having diameters greater than 10 mm (-3.32 φ). The average phi size increased from 
the bright, non-banded to the bright, highly banded coal type. In comparison, Flores et al. 
(2001) and Moore et al. (2001) working on the subbituminous Tertiary coals of the Fort 
Union Formation in the Powder River Basin, USA, found vitrain band abundances ranging 
from 9 - 63% and band thicknesses in excess of 160 mm (-7.3 φ). Four coal types were 
identified in their study ranging from attrital dominated to very coarsely laminated (the latter 
consisting of on average 54% vitrain bands). Similar to what is seen in the Huntly coal types, 
the band thickness increased from the attrital dominated to the very coarsely laminated coal 
types (Moore et al., 2001). In contrast, Moore et al. (2006) as part of a genetic study on the 
Spring Creek Main seam in the Cretaceous Greymouth coalfield, NZ, found that phi size 
histograms of the banded coal types revealed that although the proportion of vitrain bands 
may vary, the mean size of the bands remains the same. It was suggested that variability in 
vitrain band proportion was most likely a reflection of degradational processes and that all 
coal types were formed from roughly the same vegetational components.   
 
Shearer and Moore (1994a; 1994b) conducted grain-size and botanical analysis on the 
predominantly non-banded, Eocene Brunner coal and the predominantly well banded, 
Cretaceous Morley coal located in the South Island of New Zealand. They found the attrital 
Chapter 4: Coal Petrology 
 
Tennille Mares 137
 
material of the coals to be similar in organic composition (e.g. macerals) although the plant 
organs/tissues in the Morley coal tended to be larger than those in the Brunner coal. As such, 
the major difference between the two coals was the macroscopic texture (Shearer and Moore, 
1994b). This agrees with the work of Moore and Ferm (1988) on Tertiary Indonesian coals 
which indicated that the coal types are differentiated by variations in the level of preservation 
of plant parts as there is no significant variation between their matrix compositions. Further 
analysis of the botanical data for the Brunner and Morley coals led Shearer and Moore 
(1994a) to hypothesize that in the Cretaceous/Tertiary coals of New Zealand, banding 
character may be dominantly controlled by the presence or absence of gymnosperms in the 
paleo-mire vegetation because of their resistance to decay. Vitrain bands have been 
recognized in the Kupakupa seam to be composed of gymnosperm wood (Moore and 
Swanson, 1993; Newman et al., 1997; Shearer and Moore, 1994b).  
 
Newman et al. (1997) compared the Kupakupa seam to the underlying Taupiri seam 
in the Rotowaro coalfield (located about 5 km to the south-west of the Huntly coalfield; the 
Kupakupa seam is widespread in the Waikato coalfields whereas the Renown is not) noting 
that despite gymnosperm pollen being present throughout both seams, the Taupiri showed a 
distinct lack of vitrain banding. Generally the Taupiri seam was found to have higher 
funginite content. Interestingly, areas of higher funginite content in the Kupakupa seam more 
closely resembled the compositional characteristics of the Taupiri seam.  
 
The organic petrology results show that the major difference between the coal types is 
the proportions of structured vitrinite rather than overall composition. As such, it is proposed 
that for the Huntly coalfield macroscopic coal type is primarily a function of tissue 
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preservation. Hence, it is the degree of tissue preservation controlling the presence/absence of 
vitrain bands (and therefore coal types) rather than the presence/absence of gymnosperms. 
 
4.5.2. Petrological differences between seams  
 
The major difference in macroscopic composition between the two seams is that the 
Renown seam is mainly comprised of bright, non-banded coal (57%) while the Kupakupa 
seam is dominated by banded coal types (68%). Shearer et al. (1995) found that typically 
only Tertiary coals contain significant proportions of non-banded coal. The maceral 
percentages presented in this study are not unusual for Tertiary coals (Bechtel et al., 2007; de 
Sousa and Vasconcelos, 1999; Diessel, 2009; Hackley et al., 2007; Shearer et al., 1995) or 
New Zealand coals (Crosdale, 1995; Edbrooke et al., 1994; Newman et al., 1997). In 
comparison to the Kupakupa seam, elevated funginite/ inertodetrinite contents were identified 
in the Renown seam as well as lower proportions of structured vitrinite. This higher inertinite 
content is associated with the bright, non-banded coal type.  
 
From a study of the Pittsburgh coal, Renton and Bird (1991) proposed that a coal 
formed in a low pH (< 4.5) mire would be bright with low (predominantly organic) sulphur 
content and, because of the favourable conditions for preservation the of plant material, the 
mineral matter in the coal would be relatively low. This describes the attributes of the 
Kupakupa seam. Renton and Bird (1991) also propose that the degradation of plant material 
and peat via dissolved oxygen, in percolating groundwater or rainwater, will result in an 
enrichment of pre-inertinite materials but will inhibit formation of iron minerals. This would 
result in a coal with inertinite-rich layers with low (predominantly organic) sulphur content. 
In an experimental coalification of peat and buried wood Orem et al. (1996) found that highly 
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degraded peat produced an artificial coal similar to a Miocene lignite, in overall chemical 
composition and structure, while a well-preserved wood sample did not. They suggested that 
the extent of microbial degradation of organic matter during early and late diagenesis and 
before early-stage coalification likely plays an important role in determining the organic 
composition of the final coal. 
 
In a Sumatran peat deposit studied by Esterle and Ferm (1990) inertinite was found to 
increase towards surface. It was suggested that this trend was caused by the peat being 
oxidized at the surface. Oxidation and degradation of surficial peat likely results from 
changes in the mire water table (Shearer, 1997). Dehmer (1995) recognized, for recent peat 
bogs, that the proportion of humotelinite was related to the depth of the water table and the 
frequency of dry periods. The frequency of dry periods increases aeration in the peat which in 
turn influences the degree of decomposition. Funginite content was found to reflect these 
changes in the oxygen status of the mire. This is in agreement with Moore et al. (1996) who 
proposed that lower-than-normal or abnormally fluctuating water tables result in the 
formation of fungally oxidised plant material.  As the changes in the water table level can be 
frequent, ephemeral and sometimes extreme, oxidised macerals are not solely related to the 
height of the mire surface above the water table (Wust et al., 2001).  
 
Studying a low ash Tertiary coal from Russia, containing substantially higher 
inertinite than the Huntly coalfield (1% - 90%), Crosdale et al. (2002) interpreted cyclic 
intervals of decreasing huminite and increasing inertinite as progressively drier mire 
conditions. Wetter conditions were identified as brighter intervals with increased huminite 
and sometimes also an increase in mineral matter. Crosdale et al. (2002) theorised that the 
brighter coal could be a result of an increased nutrient supply, associated with the clastic 
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inputs, and the growth of larger plants. This is a likely explanation for the association 
between silicon and vitrain banding in the Huntly coal seams (Fig. 4.24), as the silicon shows 
no relationship to the vitrinite maceral components (Table 4.7). Vitrain banding is found, in 
this study and in the study by Newman et al. (1997), to increase around seam boundaries and 
seam splits. Li et al. (2009) confirms that there is only minimal silicon within macerals 
reporting only 0.01% silicon in collotelinite and collodetrinite from the Huntly coalfield. 
 
The Waikato coalfields are thought to have formed in a fluvial dominated 
environment with extensive mire complexes located in areas restricted from sediment input 
(Edbrooke et al., 1994; Newman et al., 1997). While Edbrooke et al. (1994) give a thorough 
overview of the mire forming conditions for the whole Waikato coalfields, they do not 
differentiate the seams into different units. As with this study, Edbrooke et al. (1994) found 
no evidence to support burning of the peat, with inertinite contents averaging 6%, primarily 
fungal in origin. As the two organic petrology profiles from this study are located in close 
proximity, it is possible that raised inertinite contents of the Renown seam is a localised 
phenomenon, however greater variation in all measured properties was identified for the 
Renown seam than the Kupakupa seam. The ‘sapropelic’ intervals identified in the organic 
petrology study as being liptinite rich (sometimes also including inertinite and clay) have 
been interpreted by Edbrooke et al. (1994) to be areas where ponds formed. They suggested 
that although ponds tend to be a relatively common feature of the bog plains, they were small 
and quickly displaced. 
 
It may be that coal texture is predominantly controlled by the influence of 
depositional environment and peat chemistry at the time of formation. Although not a focus 
of this thesis, considering the discussion above, it is proposed that, in the northern part of the 
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Huntly coalfield, the stratigraphically deeper Kupakupa seam formed under wet, relatively 
stable climatic and groundwater conditions. The lack of partings in the Kupakupa seam 
suggests that flooding of the mire was infrequent and, where present, minor. This lack of 
clastic influence, in addition to the very low ash yield of the Kupakupa seam, supports the 
presence of raised ombrogenous peats in the interior part of the mire (Amijaya and Littke, 
2005; Edbrooke et al., 1994; Esterle and Ferm, 1994; Wust and Bustin, 2001). In contrast, the 
Renown seam likely formed under drier, more degradational, less stable conditions with some 
areas of the mire being completely flooded (seam split present in the upper half of some the 
profiles) before re-establishing. Conditions were least stable in the latter half of the coal 
formation. Although more variable it is still thought that the coal was formed by 
ombrogenous mires.  
 
4.6. Conclusions 
 
 In this chapter petrological properties of the Huntly coalfield are reported on both the 
macroscopic and microscopic levels. Conclusions are as follows: 
 
• Maximum vitrinite reflectance values for the analysed seam splits vary from 0.42% to 
0.45%. Suggate rank is generally between 6.0 and 7.0.  
• Average fluorescence intensity profiles show a good association to volatile matter content 
(db) and a weak association to hydrogen content (db). 
• Macroscopically, the Kupakupa seam cores contain more vitrain bands than the Renown 
seam (28% of all counts, as opposed to 21%). The Kupakupa seam also has more 
structured tissue than the Renown seam at the microscopic level. 
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• Vitrinite content ranges from 69% - 88%, liptinite from 8% – 23% and inertinite from 1% 
- 13%. The vitrinite component is dominated by collodetrinite and vitrodetrinite, the 
liptinite component by liptodetrinite and the inertinite component is primarily composed 
of inertodetrinite and funginite.  
• There are three coal types recognized in the coalfield: (1) bright non-banded, (2) bright, 
moderately banded, and (3) bright, highly banded. A greater percentage of the bright, non-
banded coal type was described in the Renown seam while the Kupakupa seam is 
dominated by the banded coal types. 
• On average the Renown seam has less vitrinite and almost double the inertinite content of 
the Kupakupa seam. This greater inertinite content is contributed predominantly by the 
non-banded coal type. It is proposed that the Renown seam formed in drier, less stable 
climatic and groundwater conditions than the Kupakupa seam. 
• The Beverland Road cores from the Renown seam have a much greater proportion of the 
bright, non-banded coal type, as well as a smaller average phi size for the vitrain bands, 
when compared with the Renown seam cores from the other locations. 
• The average phi size increases from the bright, non-banded to the bright highly banded 
coal types although, in general, vitrain bands are thin with only 1% of bands having a 
diameter >10 mm.  
• As the degree of banding increases, the amount of structured vitrinite increases and the 
amount of vitrodetrinite decreases. Hence, as banding increases at the macroscopic level 
the proportion of structured tissue increases at the microscopic level. 
• As the degree of banding increases, the ash yield also increases. When considering the 
relationship between ash constituents and coal type it can be seen that silicon, aluminium, 
titanium and phosphorous increase as banding increases, while in contrast iron, calcium, 
magnesium, sodium and sulphur decrease. Aluminium, titanium and to some degree 
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phosphorous, have some association with telovitrinite (structured vitrinite macerals) 
however silicon does not. This suggests that while there is frequently an increase in silicon 
when coal is more banded, it is not intimately associated with the plant material. 
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Chapter Five 
 
 Coal Microstructure 
 
 
 
 
 
Generally coals are known to be extremely heterogeneous microporous materials with 
very high surface areas (Berkowitz, 1979). The pore network serves as a path by which gases 
and fluids enter and move through the coal. In addition, gas adsorption upon the internal 
surface area of coal is considered to be the most important mechanism for gas retention. As 
such, knowledge of surface area, pore size distribution and porosity is beneficial. Most small 
angle scattering (SAS) studies on coal to date have either compared rank effects on the pore 
space geometry (pore size distribution and surface area) and porosity of single coal samples 
originating from different coalfields or of different rank (Prinz et al., 2004; Radlinski et al., 
2004b; Radlinski and Radlinska, 1999). Other studies were focused on the effect of solvents 
on the pore structure (Foster and Jensen, 1990; Hall et al., 1998; Hall et al., 2000; 
Melnichenko et al., 2009; Radlinski et al., 2009; Winans et al., 2006; Winans and 
Thiyagarajan, 1988). This chapter presents microstructural information, gathered using SAS 
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techniques, about multiple coal samples of similar rank (Chapter 4) from the Huntly 
coalfield.  
 
5.1. Permeability and porosity in coal 
 
In situ, most low rank coal deposits are water saturated and require reduction of 
hydraulic pressure for gas desorption to occur (Gray, 2003; Twombly et al., 2004). In 
accordance to Darcy’s Law, the gas then diffuses through the matrix via micropores until it 
can flow through micro- and macrostructures towards the low pressure area created by a 
production well (Gamson et al., 1996; McElhiney et al., 1993). Generally there are two scales 
of permeability present in coal, a macroscopic system composed of regular, persistent 
fractures and a microscopic system consisting of pores, cavities and the remains of original 
plant material. The degree to which these two systems connect and combine governs the flow 
rate and the quantity of gas that can be obtained. 
 
5.1.1. Macroscopic transport system 
 
Cleats are the natural fracture system found in coal. Cleats are thought to be formed 
by interdependent processes such as desiccation, lithification, coalification and tectonic stress 
(Close, 1993). As cleats provide the principal permeability pathway for the flow of gas and 
water throughout the coal, an understanding of their orientation, spacing, size, aperture width, 
connectivity and mineralization would greatly enhance the strength of gas field predictive 
models (Clarkson and Bustin, 1997; Close, 1993; Faraj et al., 1996; Laubach et al., 1998; 
Law, 1993). The cleat system generally occurs as an orthogonal set of fractures that is 
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essentially perpendicular to bedding planes. The primary set, known as the face cleat, is the 
more dominant and continuous set while the secondary set, the butt cleat, is the more 
discontinuous set tending to terminate at intersections with the longer face cleats (Close, 
1993; Laubach et al., 1998; Law, 1993; Pattison et al., 1996). Face and butt cleats extend 
parallel to the maximum and minimum in situ stress directions respectively and hence can 
identify principal stress directions at the time of cleat formation (Li et al., 2004; Pashin et al., 
1999). Because of the lateral continuity, and directionality, of face cleats permeability can be 
anisotropic. Previous studies have noted that permeability may be enhanced from three to ten 
times in one direction because of this anisotropy (Close, 1993; Laubach et al., 1998; Law, 
1993; Pashin et al., 1999). Permeability anisotropy can be used when planning well 
placement in a CBM play.  
 
Uniformity of cleat orientations over wide areas containing relatively flat-laying, 
undeformed rocks is common (Close, 1993; Laubach et al., 1998). However, face and butt 
cleats are also known to strike essentially perpendicular and parallel to structures such as fold 
axes and faults (Close, 1993). So even though a regional scale orientation pattern may exist, 
caution must be exercised as abrupt variations, particularly at the local scale around 
deformation features, can impede or channelize flow through the cleat system (Laubach et al., 
1998; Pattison et al., 1996). The coals of the Waikato possess a defined cleat system (St 
George, 1997) that is approximately parallel to regional bedding strike, with the exception of 
areas in the vicinity of faults, where cleat frequency increases and orientation is highly 
variable. They are thought to be tectonic in origin and the principal permeability direction is 
considered to run NE-SW (Cameron, 1995; Moon and Roy, 2004).  
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Cleat spacings in subbituminous coals have been reported as 0.01 - >12.7 cm in the 
Powder River Basin, USA (Flores, 2004), 0.5 cm in Yima, China (Su et al., 2001) and  0.29 - 
0.5 cm in Kushiro, Japan (Li et al., 2004). Coal in the present study has a cleat spacing of 1 - 
4 cm (Chapter 5). Cleat size can be affected by changes in ash yield, bed thickness and 
lithotype (Close, 1993; Gamson et al., 1993; Su et al., 2001). Collecting meaningful data on 
the width of cleat apertures is very difficult to achieve under natural or replicated natural 
conditions. Sample collection may involve drilling or blasting and the de-stressing effects 
associated with overburden (open-cut) or coal removal (underground) can produce fracture 
systems that can either be misinterpreted as the natural fracture system or effectively 
overprint the pre-existing network (Pattison et al, 1996). However, data on non-stressed coals 
as a function of lithotype may still be useful (Close, 1993; Harpalani and Chen, 1995; 
Laubach et al., 1998). Measurements of aperture width, obtained using SEM and optical 
microscopy, include 0.004-0.006 mm (Karacan and Okandan, 2000), 0.001 - 8 mm (Su et al., 
2001), 0.01 - 0.3 mm (Close, 1993) and 0.1 - 2 mm (Gamson et al., 1996), while estimates of 
aperture width under in situ confining pressure vary from 0.1 to 100 nm (Harpalani and Chen, 
1995).  
 
A key component of cleat permeability is connectivity. The cleats must join to allow 
flow of gas and water and must also be open in situ, not held closed by effective stress 
(Close, 1993; Gamson et al., 1993). Secondary mineralization in the form of authigenic 
minerals such as calcite, quartz and clays, or organic material, such as mobilized resin, may 
be present in cleat apertures. Mineralization of cleats hinders the flow of gas and water and 
has been found to negatively influence the producibility of gas from coal (Close, 1993; Faraj 
et al., 1996; Laubach et al., 1998; Pashin et al., 1999). Law (1993) suggests that high rank 
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coals commonly have mineral filled cleats and hence their effective permeability may be less 
than low rank coals with wider cleat spacing.  
 
5.1.2. Microscopic transport system 
 
The microstructural features with an influence on permeability include pores, 
microfractures, microcavities and phyteral porosity (formed by the remnants of original plant 
material) (Clarkson and Bustin, 1997; Gamson et al., 1996). It has been shown that the size, 
continuity, connectivity and secondary mineral infill of these microfeatures have a significant 
contribution to overall permeability (Gamson et al., 1996). The nature of the pores, their size, 
abundance and surface area, is greatly influenced by rank and maceral composition (Crosdale 
et al., 1998; Lamberson and Bustin, 1993; Levine, 1993), while the other microstructures 
have been found to be controlled mostly by coal type (Clarkson and Bustin, 1997; Gamson et 
al., 1996).  
 
Current classifications of pore sizes are (van Krevelen, 1993):  
1. micropores: diameter <2 nm,  
2. mesopores: diameters of 2-50 nm, and  
3. macropores: diameters >50 nm  
 
The distribution of pore size has been shown to vary with rank (Gan et al., 1972). 
Porosity in lignite (<75% C) has been found to be dominated by macroporosity, high volatile 
bituminous B and C coals by macro- and mesopores, while higher rank coals are composed of 
mainly micropores (Gan et al, 1972). From the data of Gan et al. (1972), Harris and Yust 
(1976) concluded that a relationship exists between vitrinite content and microporosity. Their 
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study on high volatile bituminous coals observed that the porosity in the liptinite and 
inertinite fractions falls mainly in the mesopore range. Unsworth et al. (1989) found that both 
vitrinite and inertinite contained significant proportions across all pore sizes (micro-, meso- 
and macropores); however, they agreed that inertinite contained more macroporosity and less 
microporosity than vitrinite equivalents.  
 
Minimal work has been conducted on pore morphology. Although considerable 
variability exists it has been proposed that the heterogeneity of pore surfaces decreases with 
increasing rank (Laxminarayana and Crosdale, 1999; Radlinski and Radlinska, 1999). Gan et 
al. (1972) reported surface areas to be large in lignite (225-359 m2/g), lower in the high 
volatile bituminous coal range (96-228 m2/g) then increasing again in the higher ranks (197-
426 m2/g). Surface area has been found to increase with increasing vitrinite content, 
reflecting differences in the pore size distribution in vitrinite as compared to other macerals 
(Lamberson and Bustin, 1993). 
 
Microfractures have been found to be common in bright coal lithotypes, typically 
forming a dense orthogonal network of fractures between the cleats. These in turn were found 
to be linked by smaller, less continuous, conchoidal fractures and striae (Gamson et al., 1996; 
1993). Microstructure in dull lithotypes is dominated by phyteral porosity and microcavities 
(Clarkson and Bustin, 1997; Gamson et al., 1996; 1993). Phyteral pores, associated with 
wood fibres, are cylindrical features that tend to occur in sheet like layers parallel to bedding. 
Microcavities are generally smaller than the other microstructures and vary in shape from 
small angular pores in between maceral fragments to complex, contorted pores between 
fibrous clay particles (Gamson et al., 1993). Detailed scanning electron microscopy imaging 
of phyteral porosity in a Turkish coal showed that the pores were connected to each other 
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with microfractures less than 1 μm in aperture. This feature is promising in terms of gas 
transport and storage by increasing the accessibility of storage regions (Karacan and 
Okandan, 2001). 
 
It was suggested by Gamson et al. (1996) that microstructures play a rate-limiting role 
between diffusion at the micropore level and flow at the cleat level as evidenced by the 
various microstructures and the different sorption behaviour of bright and dull coals. 
Differences in diffusivity of coals have important implications for gas drainage. Considering 
this, higher permeability may not necessarily offer higher gas flow rates if diffusivity is low, 
and low rank coals that possess low gas contents, because of low storage capacity, may offer 
better gas flow rates than some higher rank coals. 
 
5.2. Small angle scattering theory 
 
 In many branches of science, small angle scattering (SAS) of neutrons and X-rays is 
widely used as a diffraction method for studying the structure of matter on all scales, from 
elementary particles to macro-objects (Fig. 5.1) (Feigin and Svergun, 1987). Small angle 
neutron (SANS) and small angle X-ray scattering (SAXS) have been used for decades to 
study the geometry of supra-molecular objects in both the suspended or solid phase 
(Radlinski, 2006) with is application to rocks being considerably enhanced by the discovery 
of the fractality of rock microstructure by Bale and Schmidt (1984). In the last decade small 
angle scattering techniques have been integrated into main stream petroleum, coal and 
engineering geology (Prinz et al., 2004; Radlinski et al., 2000; 1996; 2009; Radlinski and 
Hinde, 2001; 2002; Radlinski et al., 2004a; 2004b; 2001; 1999; Winans et al., 2006). 
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The principle of a SAS experiment is illustrated in Figure 5.3 (Radlinski, 2006). A 
flux of monochromatic neutrons or X-ray photons propagated in the direction of their wave 
vector (k0) is elastically scattered inside the sample of uniform thickness. The magnitude of 
k0 is λ-1, where λ is the radiation wavelength. In the experiment the intensity dI scattered in 
the direction k is measured, where by convention k - k0 = s and the quantity Q = 2π|s| is 
called the scattering vector, where |s| is the magnitude of s. The magnitude of s is 2sinθ/λ. 
The scattering vector is thus related to radiation wavelength λ and the scattering angle 2θ by 
Q = (4π/λ)sinθ (Radlinski, 2006; Radlinski and Radlinska, 1999). The incident flux of the 
scattering radiation (particles) is denoted by Ф0, i.e. Ф0 = I0/A, where I0 is the incident 
intensity and A is the bean cross sectional area at the sample position. 
 
 
 
Figure 5. 3. The principle of a small angle scattering experiment. Figure from Radlinski (2006). 
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5.3. Sample characteristics 
 
The coal for the twelve samples analysed in this study was collected from seventeen 
different gas desorption canisters at different depths within the basin. Both the chemical and 
petrographic properties of these samples are summarized in Tables 5.1 and 5.2. As previously 
discussed in Chapter 3, the coals from the Huntly coalfield typically have low ash yields, 
with the samples used for SAS analysis ranging from 2.9 - 5.4% in the Renown seam, on a 
dry basis (db) (although one interval had a higher ash yield of 12.9%). The samples from the 
Kupakupa seam generally have ash yields of less than 4.6% (db), with one sample having an 
ash yield of 25.4%.  
 
For the remaining proximate and ultimate analyses, results were found to be similar 
for both seams, with carbon content on a dry ash free basis (daf) ranging from 74.0 - 76.89%, 
hydrogen from 5.07 - 6.03% (daf), nitrogen from 0.91 - 1.23% (daf) and sulphur from 0.22 - 
0.59% (daf). Relative density generally ranged from 1.32 to 1.36 g/cc with the exception of 
the two higher ash yield intervals which had densities of 1.41 g/cc (B1) and 1.50 g/cc (D20). 
For the samples analysed with optical microscopy, the maximum mineral matter estimate 
point counted was 0.4%.  
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Table 5. 1. Drill holes and properties of samples used for small angle scattering analyses. 
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Table 5. 2. Petrography of some matrix samples used for small angle scattering analyses. 
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5.4. Small angle scattering results 
5.4.1. Anisotropy of the coal matrix 
   
It is well established that mechanical properties of coal are dependent upon 
orientation relative to the bedding plane. It has also been recognised that coal swells as a 
result of gas sorption (Goodman et al., 2006; Larsen, 2004; St. George and Barakat, 2001). 
Cody et al. (1988) studied anisotropy using solvent induced swelling on a suite of coals 
ranging in rank from lignite to high volatile A bituminous coal. In all of the coals, the 
swelling was greater in the direction perpendicular to the bedding plane rather than the 
parallel. It was also observed that the anisotropy of swelling increased with rank. Cody et al. 
(1988) suggested that swelling anisotropy may be caused by gravity influence on particle 
settling during the formation of organic sediments, followed by lithostatic pressure acting 
during the coalification process. In a more recent study using carbon dioxide and methane, 
Zarębska and Ceglarska-Stefańska (2008) also reported anisotropic swelling and observed 
that the expansion of coal samples as a result of carbon dioxide sorption was about twice that 
of methane sorption.  
 
5.4.2. Anisotropy observed in SAS measurements 
  
 Anisotropy of the pore shape reflects the primary direction of pressure at the time of 
coalification. Pore shape is hence reduced in the direction perpendicular to the bedding plane 
compared to the direction parallel to the bedding plane.   
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As discussed previously ((Radlinski et al., 2004b) see Figure 5.4), the pinhole 
geometry SAS techniques (usually SANS and SAXS) only perceive pore dimensions in the 
direction perpendicular to the incident beam of neutrons or X-ray photons. Consequently, the 
2D SANS and SAXS patterns acquired for samples cut in-bedding-plane (parallel samples) 
are isotropic (circular) and correspond to the collective scattering power of the larger (in-
bedding-plane) dimension of squash-shaped pores. These patterns are usually azimuthally 
averaged to produce one-dimensional scattering curves.  
 
In contrast, the SANS and SAXS patterns are typically anisotropic (ellipsoidal) for 
samples cut perpendicular to bedding plane (perpendicular samples). Scattering intensity in 
the vicinity of the short axis of the ellipsoid corresponds to the collective scattering power of 
the larger (in-bedding-plane) dimension of the squash-shaped pores (similar to parallel 
samples) whereas the intensity adjacent to the long axis reflects the collective scattering 
power of the shorter (perpendicular to bedding plane) direction of the pores.   
 
Consequently, the 2D scattering patterns of perpendicular samples are processed by 
taking two sector averages, along the long and short axis. These 1D scattering curves contain 
information about the collective scattering power along both the small and large dimension of 
the squash-shaped pores, the former theoretically coinciding with the 1D scattering curves for 
parallel samples.  
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Figure 5. 4. From upper left corner, clockwise: (1) Schematic graphical representation of the shape of 
pores as present in coal slices cut out in-the bedding plane (IBP) and perpendicular to the bedding plane 
(out-of-bedding plane, OBP). During the SANS experiment, the neutron beam is incident on a sample 
perpendicular to the large face, and a planar 2D detector comprising a large number of elements (pixels) 
is placed at some distance behind the sample. (2) Schematic SANS intensity profile observed with a 2D 
detector for an IBP oriented coal sample. The concentric circles are iso-intensity lines, with intensity 
increasing towards the center of the detector. The scattering pattern has an axial symmetry, which 
reflects the fact that pores are statistically identical in any in-plane direction (i.e., isotropic). One-
dimensional SANS curves are obtained from such isotropic scattering patterns by taking an azimuthal 
average over the entire detector area. The scattering vector, Q, is proportional to the distance between a 
detector element (pixel) and the detector center. (3) Schematic SANS intensity profile observed with a 2D 
detector for an OBP-oriented coal sample. The iso-intensity lines are now ellipsoidal, reflecting the fact 
that statistically the pores are larger in the in-bedding plane directions than in the perpendicular-to-the-
bedding direction. Shaded sectors indicate those sections of the detector over which the signal has been 
averaged to produce the in-bedding plane (along the short axis of the ellipsoid) and out-of-bedding (along 
the long axis of the ellipsoid) one-dimensional SANS curves. The sectors are selected to be narrow enough 
(typically no more than 20 degrees of arc) to well approximate iso-intensity lines with circular arcs. (4) 
One-dimensional SANS data averaged as described in (2) and (3) and plotted on a log–log scale, where Q 
is the scattering vector (proportional to the scattering angle), and I is the scattering intensity. The 
azimuthal average for the in-bedding plane sample (IBP) and the sector average for the perpendicular-to-
bedding sample along the short axis of the 2D SANS ellipsoid (OBP short) are expected to fully coincide, 
as they both represent scattering on the in-bedding plane elements of the pore space. The sector average 
for the perpendicular-to-bedding sample along the long axis of the SANS ellipsoid (OBP long) 
corresponds to scattering on the gravitationally squashed, perpendicular to the bedding plane, elements 
Chapter 5: Coal Microstructure 
 
  Tennille Mares 160
 
of the pore space, and for anisotropic coals it is distinctly different from the other two averages. Caption 
and figure from Radlinski et al. (2004b). 
 
 
However, in reality these two scattering curves do not always coincide completely, 
most likely because the vertical heterogeneity of coal on scales comparable to the SANS 
beam size (about 15mm). Additionally, the 1D SANS/SAXS curve for a parallel sample is 
usually less noisy than its “short axis” counterpart from the perpendicular sample (owing to 
much better counting statistics). As such it is used preferentially as the representation of the 
scattering power along the larger dimension of pores. Therefore, it is good practice to use 
both perpendicular and parallel samples for SAS work on coal. 
 
A third argument in favour of using parallel samples is purely practical. Pinhole 
geometry SANS and SAXS instruments can only provide data about pore sizes in the range 2 
nm to about 300 nm (Radlinski, 2006). Microstructural information in the important pore size 
region 300 nm to about 20 µm can only be obtained using double-crystal-diffraction (Bonse-
Hart) geometry instruments (USANS in particular), which provide convoluted 1D scattering 
data not suitable for analysis of anisotropic scattering objects (Bonse and Hart, 1965). 
Therefore, even though SAS experiments on perpendicular samples provide inherently richer 
microstructural information, the SANS-USANS and SAXS-USAXS pairs of data, needed to 
cover as wide as possible range of pore sizes, are only meaningful for parallel samples. 
 
 An example (data shown is from sample 610) of the anisotropy identified in the 
Huntly coals is illustrated in Figure 5.5 where sector averages taken along the long and short 
axes of the 2D scattering intensity pattern (scattering surface) are presented for SANS data 
from a perpendicular sample. The anisotropy seen in the coals analysed is generally less than 
2:1, where the numbers refer to the ratio of scattering intensity along the short and long axis 
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at a fixed scattering angle (Q-value). Given that the variation of SAS intensity over the 
combined SANS and USANS Q-range is typically 13 orders of magnitude, the effect of 
anisotropy can be considered small, and even neglected in some cases. 
 
 
 
 
Figure 5. 5. An example of sample anisotropy identified in the Huntly coals. Sector averages taken along 
the long and short axes of the 2D scattering intensity pattern (scattering surface) are presented for SANS 
data from a perpendicular sample (610). 
 
 
5.4.3. Scattering curves 
 
Combined SAXS and USAXS data acquired from both perpendicular and parallel 
samples are shown for matrix samples in Figures 5.6A and B and for vitrain samples in 5.6C 
and D. Because of experimental time constraints, the corresponding SANS data were not 
collected for both orientations for all samples. Therefore, assuming negligibly small 
anisotropy, SANS curves acquired for perpendicular samples 319, 611, 612, 321 and 326 
were combined with USANS data for corresponding parallel samples. SANS and USANS 
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data were not obtained for the vitrain sample 328. Note that there is no overlap of SANS and 
USANS data points, which creates an additional small uncertainty when connecting the two 
curves.  In principle this problem could be eliminated at the cost of substantially longer 
USANS acquisition time, which was not available during this experiment. The combined 
SANS and USANS scattering curves are presented in Figure 5.7A and B for matrix and 
vitrain samples respectively.  
 
In general, both the SAXS/USAXS and SANS/USANS data have good signal-to-
noise characteristics for Q < 0.2 Å-1, which slowly deteriorate for larger scattering angles, up 
until Q > 0.5 Å-1 where the data becomes exceedingly noisy. It can be seen that the vitrain 
samples have a noticeably different shape, particularly for the perpendicular samples, to the 
coal matrix samples with a more pronounced hump in the Q > 0.001 Å-1 region. Of note, this 
hump is not seen in the SANS/USANS curves. 
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Figure 5. 6. (A) Scattering curves for coal matrix samples orientated perpendicular to bedding plane 
measured using SAXS/USAXS. (B) Scattering curves for coal matrix samples orientated parallel to 
bedding plane measured using SAXS/USAXS. (C) Scattering curves for vitrain samples orientated 
perpendicular to bedding plane measured using SAXS/USAXS, and (D) Scattering curves for vitrain 
samples orientated parallel to bedding plane measured using SAXS/USAXS. 
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Figure 5. 7. (A) Scattering curves for coal matrix samples measured using SANS/USANS, and (B) 
Scattering curves for vitrain samples measured using SANS/USANS. 
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5.4.4. Location of mineral matter in the pore space 
 
 For coals with low mineral matter content (low ash yield), SAXS and SANS 
techniques provide equivalent microstructural information. When mineral matter is present in 
a quantity more than about 1 wt%, it can be identified by differences between the X-ray and 
neutron scattering curves. These differences follow from detailed contrast considerations 
(Radlinski, 2006; Radlinski et al., 2004b).  
 
For both matrix and vitrain samples the X-ray scattering curves for both orientations 
have very similar shape and intensity (Fig. 5.6). However, when compared to the neutron 
scattering curves collected from the same samples (Fig. 5.8), there are shape differences 
(particularly accentuated in the Q-range 0.02 Å-1 < Q < 0.2 Å-1 on the right-hand side of the 
figure) in perpendicular samples, and possibly (to a lesser extent) in the parallel samples. The 
combination of a strong SAXS and weak SANS signature, when considering the scattering 
length density data for the organic and inorganic components of coal (Radlinski and Hinde, 
2001), strongly suggests that the scattering contrast in the micropore region is not caused by 
scattering difference between the coal matrix and voids, bitumen, or water. Matrix–void 
scattering would result in strong SAXS/USAXS and SANS signatures, matrix–bitumen 
scattering a weak SAXS/USAXS and SANS/USANS signature and matrix–water scattering a 
weak SAXS/USAXS and a strong SANS/USANS signature (Radlinski et al., 2004b). The 
current scenario of a strong SAXS/USAXS and a weak SANS/USANS signature is scattering 
between the coal matrix and inorganic matter in the micropores. Inorganic matter in the 
micropore region was also identified by Radlinski et al. (2004b). Note that on the log-log 
scale the vertical shift of a SAXS/USAXS curve in relation to the SANS/USANS curve for 
the same sample corresponds to multiplication of the scattering intensity for each Q-value by 
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a constant, which simply reflects different scattering mechanisms for both types of radiation 
(X-rays and neutrons).  
 
For a broad distribution of pore sizes (fractal scattering objects), a relationship r = 
2.5/Q generally holds (where r is the radius of pores contributing most to the scattering 
intensity; Radlinski et al. (2000)) which leads to the estimated size ranges for pores 
contaminated with inorganic matter: 12.5 Å < r < 125 Å (10 Å = 1 nm). Above this 
‘contaminated’ region (Q-values > 0.2 Å-1), on the left-hand side of the figure, the scattering 
intensity for all samples can be represented on a log-log scale by a straight line with a slope, 
S. In the present case S is close to -3, indicating a very rough fractal pore-matrix interface 
(Radlinski et al., 1996; Wong and Bray, 1988). For surface fractals (including coals), there is 
a relationship between the slope of the power law scattering and fractal dimension, Ds: S=6-
Ds. 
 
As to be expected at this rank, there is no evidence for the development of 
polyaromatic sheets, which would be detected in SAXS as a broad scattering peak centered 
around Q = 0.3 Å-1.  
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Figure 5. 8. (A) Comparison of SAXS/USAXS scattering curves for coal matrix samples orientated 
perpendicular to bedding plane and SANS/USANS scattering curves, highlighting the region influenced 
by inorganic material, and (B) Comparison of SAXS/USAXS scattering curves for vitrain samples 
orientated perpendicular to bedding plane and SANS/USANS scattering curves, highlighting the region 
influenced by inorganic material 
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5.5. Pore size distribution 
5.5.1. Polydisperse Spherical Pore Model. 
 
The pore size distribution is the fraction of pores of a diameter within a narrow band 
centered on a pore size, r, within the total population of pores, represented as the function of r 
(Radlinski et al., 2004b).  The pore size distribution, f(r), was computed for each dataset 
using the Polydisperse Spherical Pore Model (PDSP) embedded in the PRINSAS software 
(Hinde, 2004; Radlinski et al., 2004a; 2001) and the results are expressed as histograms. The 
scattering length densities (SLD) used for these computations (calculated from elemental 
composition and matrix density of coals using formulas 2.3 and 2.4 (Radlinski, 2006)) are 
listed in Table 5.1.  
 
The PDSP model is based on a two-phase approximation, which assumes that coal is 
composed of a solid matrix of a uniform scattering length density and a pore space 
characterized by another single value of SLD. This approximation is strictly valid for both 
SAXS/USAXS and SANS/USANS for mineral-matter-free coals, and only for 
SANS/USANS for any coal (Radlinski, 2006). The PDSP model starts to break down for 
SAXS and USAXS when there is significant amount (more than several weight %) of mineral 
matter present within a sample. 
 
5.5.2. Pore size distributions for Huntly samples. 
 
 
Pore size distributions were obtained for SANS/USANS data in the pore size range of 
1 nm to 10 µm (10-100,000 Å) and for SAXS/USAXS data between 1 nm and 2 μm (Figs. 
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5.9A - D). Note that SAXS/USAXS data not only cover a smaller Q-range than 
SANS/USANS (because of the smaller size of the largest observable pore, resulting from a 
larger minimum Q-value for USAXS instruments), but also are potentially subject to a 
distortion caused by the presence of a third phase (inorganic matter) in addition to the coal 
matrix (phase 1) and pore space (phase 2). The plot for parallel samples is very similar to that 
for perpendicular samples and hence is not shown. The pore size distributions for both matrix 
and vitrain samples appear to be very similar. Greater variation is seen in the SAXS/USAXS 
data than for the SANS/USANS data which, in agreement with the observations above, is 
more noticeable for the vitrain samples than for the matrix samples. The largest variation is 
for sample 323 which can be seen to have the most defined hump (Fig. 5.6C). Slight 
anisotropy is noticeable in SAXS/USAXS data for parallel and perpendicular samples, as 
shown for one sample (610) in Figure 5.10.  
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Figure 5. 9. (A) Pore size distribution calculated from SANS/USANS data for coal matrix samples. (B) 
Pore size distribution calculated for coal matrix samples orientated perpendicular to bedding plane from 
SAXS/USAXS data. (C) Pore size distribution calculated from SANS/USANS data for vitrain samples, 
and (D) Pore size distribution calculated for vitrain samples orientated perpendicular to bedding plane 
from SAXS/USAXS data. 
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Figure 5. 10. A comparison of pore size distributions calculated from sample 610 using SAXS/USAXS 
data, from both the parallel and the perpendicular orientated samples, showing slight anisotropy. 
 
 
The pore size distributions of the Huntly coals follows the power law f(r) = Ar-B, 
where the exponent B is close to 4. This is to be expected, as scattering on fractal objects is 
equivalent to scattering on a power law distribution of spherical scattering objects (Schmidt, 
1982; Schmidt, 1989) and the following relationship holds: B = 7-S, where S is the absolute 
value of the slope of the scattering intensity, I(Q), versus Q curve (close to 3 for all coals 
analysed here). The power law equation was fitted for each sample for r > 25 Å, as data for r 
< 25 Å are exceedingly noisy. Numerical values of parameters A and B are listed in Table 5.3.  
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Table 5. 3. Values of parameters A and B obtained by fitting the power law model f(r) = Ar-B to the data 
presented in Figure 5.9. 
 
  Sample Analysis Type A B R2 
Renown 
318 SANS/USANS 13.91 4.11 0.996 
  SAXS/USAXS perpendicular 110.74 4.25 0.994 
  SAXS/USAXS parallel 126.04 4.11 0.997 
319 SANS/USANS 15.55 4.25 0.987 
  SAXS/USAXS perpendicular 111.32 4.17 0.996 
  SAXS/USAXS parallel 123.35 4.06 0.997 
610 SANS/USANS 9.94 4.13 0.996 
  SAXS/USAXS perpendicular 208.44 4.32 0.998 
  SAXS/USAXS parallel 134.59 4.09 0.996 
611 SANS/USANS 1.03 3.88 0.974 
  SAXS/USAXS perpendicular 120.76 4.16 0.995 
  SAXS/USAXS parallel 236.54 4.16 0.997 
612 SANS/USANS 9.81 4.11 0.994 
  SAXS/USAXS perpendicular 94.79 4.12 0.997 
  SAXS/USAXS parallel 296.04 4.10 0.993 
Kupakupa 
320 SANS/USANS 23.59 4.07 0.998 
  SAXS/USAXS perpendicular 278.75 4.31 0.999 
  SAXS/USAXS parallel 101.09 3.87 0.999 
321 SANS/USANS 36.64 4.19 0.999 
  SAXS/USAXS perpendicular 122.57 4.11 0.997 
  SAXS/USAXS parallel 119.71 4.14 0.997 
322 SANS/USANS 15.78 4.19 0.998 
  SAXS/USAXS perpendicular 163.37 4.12 0.997 
  SAXS/USAXS parallel 155.23 4.01 0.999 
Vitrain 
323 SANS/USANS 10.82 4.21 0.996 
  SAXS/USAXS perpendicular 98.71 3.99 0.968 
  SAXS/USAXS parallel 238.17 4.40 0.994 
326 SANS/USANS 4.35 3.97 0.988 
  SAXS/USAXS perpendicular 304.18 4.45 0.994 
327 SANS/USANS 13.94 4.20 0.998 
  SAXS/USAXS perpendicular 90.01 4.18 0.988 
  SAXS/USAXS parallel 45.24 3.94 0.989 
328 SAXS/USAXS perpendicular 76.79 4.12 0.989 
  SAXS/USAXS parallel 127.84 4.37 0.988 
R2 = correlation coefficient 
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5.6. Specific surface area 
 
The distinction must be made between the total pore volume and the size of 
corresponding pore surface area. A large total pore volume need not necessarily imply that 
the pore surface area is also large, as pore surface area is determined by the pore size 
distribution and pore morphology (van Krevelen, 1993). Coal provided one of the first 
examples of fractal surface microstructure (Bale and Schmidt, 1984) and the SAXS and 
SANS study by Radlinski and Radlinska (1999) found by using fractal analysis that the pore-
coal interface is rough in lower rank coals throughout the entire pore size range. The degree 
of roughness was found to decrease with increasing rank, with the pore-matrix interface 
becoming smooth (throughout the length scale range) for anthracites. As illustrated in Figure 
5.9, the pore size distribution covers multiple length scales and, consequently, the specific 
internal surface area, SSA, depends on the size of the measuring probe.  
 
5.6.1. Specific surface area by probe size 
 
The SSA of the coal samples, presented in Figure 5.11 for SAXS and 5.12 for SANS, 
was calculated from the pore size distributions as a function of probe size R (Radlinski et al., 
2004b). Although both the matrix and the vitrain samples had reasonably similar pore size 
distributions, some differences can be seen in the calculated SSA. SSA of the coal matrix 
material, obtained from SAXS/USAXS data for perpendicular samples, indicates that the 
three samples from the Kupakupa seam (320, 321 and 322) have greater SSA for probe sizes 
>100 Å (Fig. 5.11A). However, such an effect is only seen for 320 and 322 for the parallel 
samples. In addition, SSA values for parallel samples 611 and 612 (both from the Renown 
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seam in the Mimi 1 drill hole) are significantly smaller than those for the other samples 
across all probe sizes (Fig. 5.11B). For the vitrain samples, the SSA of the three 
perpendicular samples (Fig. 5.11C) are reasonably similar. In contrast to this, considerable 
variation is seen for the parallel samples when probe size > 100 Å (Fig. 5.11D).  
 
For larger probe sizes, it is noted that the SANS/USANS value of SSA for samples 
611 and 326 appears to be larger than average for probe sizes >1000 Å, despite rather noisy 
data (Fig. 5.12). This possibly results from joining the data of a parallel and a perpendicular 
sample. The variation seen between samples most likely reflect small variations in pore shape 
deformation for various coals, which is yet another aspect of the heterogeneity of coal and a 
good demonstration of the benefits of analysing large number of samples. 
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Figure 5. 11. (A) Specific surface area versus probe size calculated for perpendicular orientated coal 
matrix samples using SAXS/USAXS data. (B) Specific surface area versus probe size calculated for 
parallel orientated coal matrix samples using SAXS/USAXS data. (C) Specific surface area versus probe 
size calculated for perpendicular orientated vitrain samples using SAXS/USAXS data. (D) Specific 
surface area versus probe size calculated for parallel orientated vitrain samples using SAXS/USAXS data. 
 
 
Chapter 5: Coal Microstructure 
 
  Tennille Mares 176
 
 
 
 
Figure 5. 12.  (A) Specific surface area versus probe size calculated for coal matrix samples using 
SANS/USANS data, and (B) Specific surface area versus probe size calculated for vitrain samples using 
SANS/USANS data. 
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5.6.2. Specific surface area at probe size 4 Å. 
  
For practical applications, the most important information is the SSA at probe size 4 
Å, corresponding roughly to the molecular size of CBM gases (kinetic diameters for nitrogen, 
methane and carbon dioxide molecules are 3.3 Å, 3.8 Å and 3.64 Å respectively; (Cui et al., 
2004b)). In order to estimate the SSA of the Huntly coals for a probe size of 4 Å, the SSA 
data in the region 20 Å < R < 100 Å was extrapolated. This is a more reliable procedure than 
relying on the ‘noisy’ results calculated directly for the smallest probe sizes (Table 5.4). As 
the extrapolation procedure is only based on eight experimental points, it is recognised that 
the uncertainty is significant, generally of the order of +/- 50% of the quoted value (Radlinski 
et al., 2004b; Radlinski et al., 2001).  
 
 
Table 5. 4. Specific surface areas (m2/cm3) at a probe size of 4 Å extrapolated from small angle scattering 
data. 
 
  
Sample SANS/USANS SAXS/USAXS perpendicular 
SAXS/USAXS 
parallel 
Renown 
318 426 2006 662 
319 255 1317 431 
610 271 1397 409 
611 210 762 271 
612 125 325 121 
Kupakupa
320 133 905 99 
321 412 885 435 
322 405 1725 186 
Vitrain 
323 1705 36302 1668 
326 2878 8124 
327 596 6772 1988 
328   9716 2263 
 
 
Radlinski et al. (2004b) compared SSA obtained from extrapolating SANS data to R = 
4 Å to the direct SSA measurements using the nitrogen adsorption method, and found that 
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both sets of data displayed a similar pattern versus rank with the SAS SSA systematically 
yielding somewhat higher values (See Fig 5.13). The results presented in this study for 
SANS/USANS data, ranging from SSA = 1.25 x 106 cm-1 (cm2/cm3) to 2.88 x 107 cm-1, fit 
well with the long-established trend of SSA increasing with decreasing rank for coals with 
vitrinite reflectance less than 1.0%. Gan (1972) reported surface areas for lignite to be 225-
359 m2/g, while Radlinski et al (2004b) reported surface areas of 5.7 m2/cm3 and 34 m2/cm3 
for coals with vitrinite reflectance of 0.55% and 0.59% respectively. 
 
 
Figure 5. 13. Comparison between specific surface area (cm2/cm3) for coals of different ranks and the 
Huntly samples extrapolated to probe diameter 4 Å from SANS and nitrogen adsorption techniques (N2 
BET). The original graph is from Radlinski et al. (2004b). wc = whole coal, IBP = in bedding plane or 
parallel sample. As Radlinski et al. (2004b) used 50% of the value for platelets to compare to crushed 
pellet samples the Huntly samples presented here were also divided by two however the full value also fits 
the trend lines. 
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Figure 5.14 compares the results of the extrapolation of SSA data to the probe size of 
4 Å for both SANS/USANS and SAXS/USAXS analyses. As expected, the X-ray and 
neutron results for parallel samples are close to each other. The extrapolated SSA values for 
corresponding perpendicular samples are systematically higher than those for parallel 
samples. This probably results from a combination of the influence of inorganic material and 
pore anisotropy on sample scattering. It is clearly noticeable, regardless of analysis type and 
sample orientation, that all of the vitrain samples have a larger SSA at a probe size of 4 Å 
than any of the matrix samples. 
 
 
 
 
Figure 5. 14. Specific surface area (cm2/cm3) for coal samples extrapolated to probe diameter 4 Å from 
SANS/USANS and SAXS/USAXS data for both perpendicular and parallel to bedding plane orientated 
samples. 
 
 
  
Chapter 5: Coal Microstructure 
 
  Tennille Mares 180
 
5.6.3. Specific surface area anisotropy. 
 
The anisotropy of SSA for probe sizes of 4 Å, 20 Å, 500 Å and 1000 Å, as quantified 
by the SAXS/USAXS dataset (by plotting perpendicular SSA values versus parallel SSA 
values), is illustrated in Figure 5.15. It can be seen that the degree of anisotropy increases 
with the decreasing probe size (increasing value of SSA), thus indicating that the smaller 
pores are affected most by the effects of gravity and lithostatic stress. Interestingly, although 
having a similar SSA for the larger probe sizes, the vitrain samples have a slightly larger SSA 
at R = 20 Å (2 nm) and a noticeably larger SSA for R = 4 Å.  
 
 
 
Figure 5. 15. The anisotropy of specific surface area (SSA) calculations for probe sizes of 4 Å, 20 Å, 500 Å 
and 1000 Å as quantified by the SAXS/USAXS dataset (by plotting perpendicular SSA versus parallel 
SSA). 
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5.7. Total porosity 
 
The total porosity of each sample can be readily determined by summing the volumes 
of all pores in the pore size distribution. The pore size distributions obtained from PRINSAS 
analysis of SANS/USANS datasets were utilized for this purpose, as they extend over a larger 
size range than SAXS/USAXS datasets. The distributions were trimmed to the range 10 Å – 
100,000 Å (1 nm – 10 μm) as data become noisy outside these limits. To determine the 
proportion of the porosity contributed by each pore class, as defined in section 5.1.2, sub-total 
porosity was recalculated for size ranges 20 Å - 100,000 Å and 500 Å - 100,000 Å, and the 
values were subtracted from the total porosity.  
 
Total porosity of the dry coal samples analysed was found to vary from 16% to 25%. 
The total porosity for each sample is shown in Figure 5.16; it is interesting to note that for all 
samples, micropores contribute around 45 to 60% of the total porosity. Gan et al. (1972) 
reported porosity < 12 Å in size to contribute 12.3% - 40.9% of the total porosity for lignite, 
29.9% - 66.7% for high volatile bituminous coals, 61.9% - 73.0% for medium to low volatile 
bituminous and 75% for anthracite. The average total porosities for matrix and vitrain 
samples are presented in Figure 5.17. It can be seen that on average the vitrain samples have 
a larger total porosity than the matrix samples. In addition, the vitrain samples have a larger 
proportion of mesopores than the matrix samples in spite of having a similar proportion of 
micropores in the 10 Å – 20 Å size range. 
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Figure 5. 16. Porosity of coal samples calculated from SANS/USANS data for the range 10 – 100,000 Å (1 
nm – 10 μm). 
 
 
 
                       
 
Figure 5. 17. Average porosity by seam calculated from SANS/USANS data for the range 10 – 100,000 Å 
(1 nm – 10 μm). 
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Figure 5. 19. Porosity of coal samples from this study, calculated from SANS/USANS data and plotted 
with respect to carbon % dry ash free (daf), compared to porosities reported in other published studies. 
World trend lines have been extended, marked with dashed lines. 
 
 
 
5.8. Correlation between coal microstructure and composition 
 
 
 Acknowledging that there was a limited number of samples analysed for this study, 
correlation tables were used to look for statistical associations between measured properties. 
Table 5.5 lists correlation coefficients between coal microstructure of matrix samples and 
coal composition, using the most abundant macerals, for the eight SAS samples. 
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Table 5. 5. Correlation table comparing coal microstructure with coal composition. Correlation 
coefficients greater than 0.5 have been highlighted in yellow. 
 
  SSA at 4 Å 
Micro-
porosity 
Meso-
porosity 
Meso- and 
macro-porosity 
Macro-
porosity 
Total 
porosity 
Vitrinite 0.18 -0.09 -0.31 -0.56 -0.45 -0.30 
Liptinite 0.14 0.34 0.01 0.41 0.47 0.40 
Inertinite -0.37 -0.10 0.40 0.55 0.38 0.17 
Telovitrinite -0.07 0.42 -0.06 0.73 0.90 0.60 
Collodetrinite -0.60 -0.28 0.29 0.10 -0.08 -0.15 
Vitrodetrinite 0.72 0.13 -0.40 -0.72 -0.58 -0.22 
Liptodetrinite -0.71 -0.52 -0.46 0.02 0.33 -0.35 
Inertodetrinite -0.39 -0.39 0.05 0.21 0.22 -0.17 
Funginite -0.67 -0.19 0.39 0.56 0.39 0.11 
 
 
As reported earlier, in the macroscopic study of the Huntly coals no porosity is 
apparent in hand held specimens. Vitrinite content of the samples ranges from 73% to 87%, 
most of which is composed of collodetrinite and vitrodetrinite, which together contribute 
between 54% and 73% of the total coal composition. As such, the texture at the microscopic 
level is frequently mottled; fine-grained and unstructured with numerous small grains (hence 
many grain boundaries).  
 
As discussed in Chapter 4, some larger pores were observed, with diameters up to 
around 30 μm in funginite (which contributes 1.2% - 5.8% of coal composition for the 
samples used here), while smaller pores (generally <3 μm) were seen in structured vitrinite 
(telovitrinite). The correlation coefficients listed in Table 5.5 confirm these observations, 
with telovitrinite showing a strong association with macroporosity and some association with 
porosity and combined meso- and macroporosity. Funginite also shows a weak association 
with combined meso- and macroporosity, while vitrodetrinite (defined as vitrinite particles 
<10 μm in diameter; (ICCP, 1998)) has a good correlation with SSA values at 4 Å.  
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5.9. Shape fitting scattering curves 
 
In section 5.4.4 inorganic material was identified in the pore size region 12.5 Å < r < 
125 Å. Interestingly the inorganic material is present in the same size range for both the coal 
matrix and the vitrain samples, although in larger quantities in the vitrain samples. As seen in 
Table 5.2 the matrix material contains some structured vitrinite material while the vitrain 
samples were cut from thick vitrain bands and should therefore be predominantly structured 
vitrinite material. When considered in conjunction the associations identified in section 4.4.3 
and with Li et al. (2009), this inorganic material is likely to contain aluminium and titanium, 
as well as calcium, iron and magnesium.  
 
Although X-ray scattering from inorganic material was observed for all samples only 
the perpendicular vitrain samples and one parallel vitrain sample (328) showed sufficient 
deviation from the neutron scattering curves to warrant shape fitting analysis. The calculated 
volume fraction (the number of scattering objects (per cm3) multiplied by the calculated 
volume of each individual scattering object; see section 2.3.5) for each shape was compared 
to the ash yield to determine the most likely shape. The results for the 323 perpendicular 
average scattering curves are presented in Figure 5.20 with the results for the other samples in 
Appendix 3.  
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Figure 5. 20. Calculated volume fraction for each shape for the sample 323 average scattering curve 
compared to ash yield. SS = spherical shell, Cyl = cylinder, HC = hollow cylinder 
 
 
 Figure 5.20 shows two most likely solutions for the shape of the inorganic material in 
sample 323, a spherical shell with the internal radius (R2) equal to 0.8 times the external 
radius (R1) or a hollow cylinder with and internal radius equal to 0.9 times R1 and a height 
equal to 1.5 times R1. For almost all other trialed shapes the calculated volume fraction that 
the number of objects would contribute exceeds the available material (ash yield). These two 
shapes were identified for all samples except the perpendicular sample 326 for which the 
hollow cylinder had a height equal to 1.2 times R1. These results suggest that the inorganic 
material present in the samples exists as an inorganic coating within the micropores rather 
than filling them. As the coatings are mainly present in the structured tissues, it is possible 
they are remnant of the original plant material. The average external radius, thickness and 
height for shapes from the analysed samples are presented in Table 5.6. 
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Table 5. 6. Average shape fitting solutions for the analysed samples. 
 
  Shape R2 H R1 (Å) T (Å) H (Å) 
323 x Spherical Shell 0.8 x R1   31.20 6.24 
Hollow Cylinder 0.9 x R1 1.5 x R1 27.14 2.71 40.71 
326 x Spherical Shell 0.8 x R1   40.63 8.13 
Hollow Cylinder 0.9 x R1 1.2 x R1 36.49 3.65 29.49 
327 x Spherical Shell 0.8 x R1   34.01 6.80 
Hollow Cylinder 0.9 x R1 1.5 x R1 29.58 2.96 44.38 
328 x Spherical Shell 0.8 x R1   32.77 6.55 
Hollow Cylinder 0.9 x R1 1.5 x R1 27.60 2.85 42.76 
328 p Spherical Shell 0.8 x R1   67.44 13.49 
  Hollow Cylinder 0.9 x R1 1.5 x R1 58.66 5.87 87.99 
x = perpendicular, p = parallel, R1 = external radius, R2 = internal radius 
H = height, T = thickness (R1 - R2) 
 
 
 For each identified shape the average external radius, thickness and height were 
calculated and are presented in Table 5.7. Most noticeably the values for the parallel samples 
are around twice the values calculated for the perpendicular samples suggesting anisotropy 
(as highlighted previously) of roughly 2:1. Sketches of the average shapes and a possible 
spherical shell showing anisotropy are presented in Figure 5.21. 
 
 
Table 5. 7. Average external radius, thickness and height for calculated shapes. 
 
Shape      Minimum Average Maximum SD n 
Spherical Shell x R1 (Å) 29.35 34.65 43.20 4.12 24 
R2 = 0.8 x R1 T (Å) 5.87 6.93 8.64 0.82   
Spherical Shell  p R1 (Å) 63.79 67.44 72.59 3.25 6 
R2 = 0.8 x R1 T (Å) 12.76 13.49 14.52 0.65   
Hollow Cylinder x R1 (Å) 32.75 36.49 38.80 2.36 6 
R2 = 0.9 x R1 T (Å) 3.27 3.65 3.88 0.24 
H = 1.2 x R1 H (Å) 39.29 43.78 46.55 2.83   
Hollow Cylinder x R1 (Å) 25.53 28.41 32.67 1.78 18 
R2 = 0.9 x R1 T (Å) 2.55 2.84 3.27 0.18 
H = 1.5 x R1 H (Å) 38.29 42.62 49.00 2.67   
Hollow Cylinder p R1 (Å) 55.48 58.66 63.14 2.82 6 
R2 = 0.9 x R1 T (Å) 5.55 5.87 6.31 0.28 
H = 1.5 x R1 H (Å) 83.23 87.99 94.71 4.24   
x = perpendicular, p = parallel, R1 = external radius, R2 = internal radius 
H = height, T = thickness (R1 - R2), SD = standard deviation, n = number of data points 
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Figure 5. 21. Possible shapes calculated for the inorganic material, r = radius, t = thickness and h = 
height. (A) Spherical shell with R2 = 0.8 x R1 calculated from perpendicular samples. (B) Hollow cylinder 
with R2 = 0.9 x R1 and H = 1.5 R1 calculated from perpendicular samples, and (C) Possible spherical 
shell with R2 = 0.8 x R1 showing anisotropy calculated from perpendicular and parallel samples. 
 
 
5.10. Discussion 
5.10.1. Porosity 
 
In a fundamental coal porosity study, Gan et al. (1972) found that the pore volume 
distribution is dependent on coal rank and suggested that in lower rank coals (C<75% daf) 
porosity is primarily because of the presence of macropores. Even though their pore size 
classification is different from that adopted here (micropores: 4 Å -12 Å, mesopores: 12 Å - 
300 Å and macropores: 300 Å - 29600 Å), their lower rank coals still had significant porosity 
contribution from micropores according to their definition. In contrast, Gurdal and Yalcin 
(2001) found that micropore volume decreases with increasing maturity up to a value of 1.0% 
Chapter 5: Coal Microstructure 
 
  Tennille Mares 190
 
vitrinite reflectance and then increases with further increase in coal rank. The work of Gurdal 
and Yalcin (2001), along with data presented here, agree well with the results of SANS 
studies using contrast matching (Hall et al., 2000), which reported the presence of 
microporosity in low rank coals (the Wyodak seam in Wyoming and some lignite in North 
Dakota) while for higher rank coals (the Pocahontas, Upper Freeport and Pittsburgh No. 8 
coals from the Appalachian coal fields) very low to essentially zero levels of microporosity 
were identified (Hall et al., 1998; Hall et al., 2000). 
 
The relatively low contribution of macropores to total porosity (9% to 25%) and the 
high contribution of micropores, 44% – 60% may possibly be caused by coal composition 
and texture. It has been reported that bright or banded coals (high vitrinite, low ash) have 
greater micropore volume than dull coals (high inertinite, high ash) of the same rank 
(Clarkson and Bustin, 1996; 1999; Crosdale et al., 1998; Lamberson and Bustin, 1993) and 
that vitrinite has a greater micropore capacity than other macerals (Unsworth et al., 1989). 
New Zealand coals are typically high in vitrinite (Beamish et al., 1998; Butland and Moore, 
2008; Newman et al., 1997). The importance of a link between microporosity and bright 
coals lies in the observation of Clarkson and Bustin (1999) for the Gates Formation coals. 
Their study suggested that micropore volume exerts primary control upon high pressure 
adsorption of CH4 and CO2 gases.  
 
5.10.2. Variability within seam 
 
For the Mimi 1 and Jasper 1 Renown seam two samples were collected from each 
core, roughly 1 m apart, with the aim to assess variability within the seam. The Jasper 1 
samples, 319 and 610, had similar extrapolated SSA values at 4 Å (Fig. 5.14).  However, 
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considerably different porosities (21% and 16%, respectively, Fig. 5.16) were calculated for 
these two samples, suggesting that the internal surface for sample 610 was rougher. Also, in 
relative terms, sample 610 had a larger proportion of mesoporosity and a smaller proportion 
of macroporosity than sample 319.  
 
For the Mimi 1 samples (611 and 612) it was determined that sample 611 had both 
SSA and porosity values larger than sample 612. Considering that such significant variability 
occurred within a single seam accessed from a single drill hole, it was deemed that no reliable 
comparison between seams could be conducted using these data alone. The variations were 
not greater than the differences identified between ranks elsewhere (Radlinski et al., 2004b). 
As differences were observed between these ‘matrix’ samples and pure vitrain samples, it is 
likely that variations between seams and coal types are related to the differing proportions of 
these components. As shown and discussed within this chapter, the results presented in this 
study are consistent with expectations for coals of low rank.  
 
5.10.3. Differences between matrix and vitrain samples 
 
 
 In comparison to the matrix samples, all of the vitrain samples had larger SSA at 4 Å. 
However, for two of the three vitrain samples in Figure 5.18, the vitrain samples had a 
significantly lower proportion of accessible SSA in the micropore size range than the matrix 
samples. When comparing the average porosities for matrix samples to vitrain samples (Fig. 
5.16), it can be seen that the vitrain samples have greater total porosity. This additional 
porosity is contributed by mesopores (matrix has 4.7% porosity contributed by mesopores 
while vitrain has 6.8%) as both groups have the same contribution by micropores (~11%) and 
similar contributions by macropores (3.6% for matrix samples and 3.3% for vitrain samples). 
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It must be noted that the samples with the lowest amount of macroporosity are the vitrain 
samples 323 and 327. The vitrain samples also have a more noticeable influence by inorganic 
material.  
 
 Matrix samples have an association between telovitrinite and macroporosity as well as 
combined meso- and macroporosity, a weak association between funginite and combined 
meso- and macroporosity and a good correlation between vitrodetrinite and SSA at 4 Å. As 
the vitrain samples are composed of predominantly structured material, the increased 
telovitrinite content is likely the cause of the increased mesoporosity.  
 
5.10.4. Inorganic material  
 
 In Chapter 4 a positive association between ash yield and the proportion of vitrain 
bands was identified. In addition, associations between aluminium, titanium and phosphorous 
with telovitrinite were found. That the inorganic material is prevalent in the structured tissue 
has been confirmed in this chapter. Microprobe analysis of ‘clean’ macerals has found small 
but consistent contributions of elements such as aluminium, calcium, iron, magnesium and 
titanium present as non-mineral entities in low rank coals (Li et al., 2007; Li et al., 2009; 
Ward et al., 2008). These studies only have resolution to approximately 5 – 10 µm. Studies 
using scanning transmission X-ray microscopy on spores and bacterial biomineralisation 
report resolutions of 25 – 50 nm (Benzerara et al., 2008; Bernard et al., 2009; Chan et al., 
2009) but have the benefit of determining chemistry. The inorganic material identified in this 
study is in the size range 12.5 Å < r < 125 Å (~1 - 12 nm). As such the mode of occurrence 
has not previously been identified. In agreement with Li et al. (2007; 2009) and Ward et al. 
(2008) the inorganic material is not thought to exist as mineral entities. It is instead present as 
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inorganic coatings in micropores. As the inorganic material was present in both matrix and 
vitrain, but to a larger extent in the vitrain samples, it is thought that the source of the 
inorganic material is from the original plant material as opposed to post depositional 
processes. 
 
 In modern plants, macronutrients (phosphorous, potassium, nitrogen, sulphur, calcium 
and magnesium) can contribute around 0.5% - 3% of a plant’s dry weight while 
micronutrients (iron, sodium, chlorine, copper, manganese, cobalt, zinc, molybdenum, and 
boron) contribute up to a few parts per million of the dry weight (Stern, 1982). It is well 
known that plants uptake and retain elements from the atmosphere and their substrate is a 
well recognized process and forms the basis of many environmental monitoring studies 
(Chang et al., 2009; Chiarenzelli et al., 2001; de Caritat et al., 2001; Divan Junior et al., 2009; 
Dongarrá et al., 2003; Dunn and Hoffman, 1986; Kubin and Lippo, 1996; Reimann et al., 
2007; Wickman and Jacks, 1993). The cells of modern plants typically range from 10 – 100 
µm in diameter with the sizes of intracellular bodies being: nuclei 2 – 15 µm, mitochondria 1 
- 3 x 0.5 µm, chloroplasts 2 - 10 µm, ribosomes 20 nm and microtubules 15 – 25 nm in 
diameter. Bacterial cells are generally around 0.5 µm in diameter (Stern, 1982). Phytoliths 
(inorganic minerals formed inside plants) have been reported to range from 0.5 µm to several 
centimeters in size (Hart, 1988; Wust and Bustin, 2003).  
 
The most common minerals in the Huntly coal are reported to be quartz and kaolinite 
(Butland, 2006). While clay crystals typically have grain sizes of < 2 µm, the dimensions of 
the unit cell for kaolinite are a = 5.15 Å and b = 8.95 Å with a thickness of 7.15 Å. For 
comparison, the effective ionic radii of cations commonly contained in clays (potassium, 
calcium, sodium, magnesium, iron, aluminium and silicon) range from 0.4 – 1.78 Å 
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(Meunier, 2005). The coatings identified in this study have radii ranging from 25.5 – 72.6 Å 
with thicknesses ranging from 2.6 – 14.5 Å. Radlinski et al. (2004b) suggested that the 
inorganic material in the micropores was likely to be clay. However considering the work of 
Li et al. (2009), who found very little silicon in coal macerals, this may not be the case.  
 
5.11. Conclusions 
 
 
The microstructure of low-rank coals from the Huntly coalfield, New Zealand, was 
investigated with X-rays and neutrons using the non-invasive SAXS, USAXS, SANS and 
USANS techniques. Pore size distributions and internal specific surface area (SSA) were able 
to be measured with SAXS/USAXS for the linear scale range from 1 nm and 2 μm and with 
SANS/USANS for the linear scale range from 1 nm and 10 μm. Findings are as follows: 
 
• SSA of the samples ranged from 1.25 x 106 cm-1 to 2.88 x 107 cm-1, in accordance 
with the previously established trend of SSA increasing with decreasing rank for 
coals with vitrinite reflectance less than 1.0%. The vitrain samples had higher SSA 
than the matrix samples. 
• Pore geometry anisotropy in the samples was generally less than 2:1. The degree of 
anisotropy increases with the decreasing pore size (increasing value of SSA), thus 
indicating that the smaller pores are affected most by the effects of gravity settling of 
particles and lithostatic stress. 
• Total porosity of analysed dry samples varies from 16% to 25%. The contribution of 
microporosity to total porosity was 45% to 60%, in spite of the lower limit for 
micropore size set at 10 Å (1 nm). Macroporosity contributed 9% to 25% of total 
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porosity. On average the vitrain samples have larger total porosities than the matrix 
samples, with the extra porosity predominantly contributed by mesopores. 
• Micropores were found to contribute the majority of the available specific surface 
area, with macropores contributing only a negligible amount. 
• The Huntly coal samples are vitrinite-rich with the predominant macerals generally 
being vitrodetrinite, collodetrinite and telovitrinite, in that order. Some porosity was 
seen at the microscopic level and correlations were identified between telovitrinite 
content and macroporosity and vitrodetrinite content and SSA. 
• X-ray scattering data indicates that the inorganic matter present in coal samples 
studied here is confined in the same size range of 12.5 Å < r < 125 Å (10 Å = 1 nm). 
Inorganic material had a larger effect on X-ray scattering in the vitrain samples than 
for matrix samples, suggesting that the inorganic matter is contained predominantly 
in the more structured vitrinite material. 
• The identified inorganic material was calculated to exist as inorganic coatings 
(shells) in the micropores of either spherical or cylindrical shape. For perpendicular 
samples the radius was found to vary from 25.5 – 43.2 Å, the thickness from 2.6 – 
8.6 Å and for the cylinders, the height was found to range from 38.3 – 49.0 Å. Where 
analysed, shapes calculated from parallel samples had dimensions approximately 
double those seen for perpendicular samples again highlighting the roughly 2:1 
anisotropy in pore geometry. 
• Variations between samples from within the same seam and drill hole were too great 
to allow comparison between seams with such limited number of samples, clearly 
highlighting the heterogeneity of low-rank coals. The results presented fit well with 
rank trends reported in other studies.  
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Chapter Six 
 
Gas Properties 
 
 
 
 
When assessing the commercial viability of a coalbed methane prospect, gas content 
(desorbed gas) and gas holding capacity (adsorbed gas) are two of the key geological 
parameters measured. These two measures are used to give an estimate of the % gas 
saturation of the reservoir. Typically gas saturation has been assessed by collecting one 
adsorption isotherm sample and assuming it is representative of the whole seam reservoir 
conditions.  
 
This chapter presents gas adsorption and desorption data for the Huntly coalfield 
irrespective of coal properties. Gas results will be compared to coal properties in Chapter 7. 
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6.1. Gas in coal 
6.1.1. Origin of gas in coal 
 
In a general sense, coal seam gas is generated in coals by two different processes, 
biogenic and thermogenic. Biogenic gas is derived from either the fermentation of organic 
matter or reduction of CO2 by microorganisms and is predominately CH4 in composition. 
Alternately, thermogenic gas generation occurs at higher temperatures and pressures (i.e. with 
increasing coalification) as a result of devolatilization of the coal, with the most common 
byproducts being CH4, CO2 and water (Rice, 1993). Although gases of mixed origin occur 
(Butland, 2006; Flores et al., 2008; Rice et al., 2008), coals possessing a vitrinite reflectance 
(%Ro) of less than 0.6% primarily generate methane biogenically, whereas thermogenic 
methane generation predominates in coals with %Ro greater than 0.6% (Clayton, 1998; 
Flores, 1998; Rice, 1993). As reported in Chapter 4 and elsewhere (Edbrooke et al., 1994; Li 
et al., 2009; Newman et al., 1997; Twombly et al., 2004) the Waikato coals have been found 
to have %Ro of 0.34 - 0.53%. As such, the method of coal seam gas generation should be 
biogenic. 
 
As previously stated, biogenic gas can be generated via two different pathways, CO2 
reduction and methyl-type fermentation (Rice, 1993; Smith and Pallasser, 1996) and roughly  
follow these reactions:  
 
Microbial reduction of CO2:   CO2 + 4H2 → CH4 + 2H2O  (6.1) 
 
Acetate fermentation:    CH3OOH → CH4 + CO2  (6.2) 
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It has been suggested that the depth of burial and the age of the organic rich material 
are regulating factors on the method of generation with fresh, near surface sediments 
generating gas via both pathways and deeper sediments mainly via CO2 reduction (Rice, 
1993). The dominant pathway can be identified by isotopic analyses (Smith and Pallasser, 
1996) and the gas produced in the Waikato has been shown to be created by CO2 reduction 
(Butland and Moore, 2008; Moore and Butland, 2005).  
 
Additionally, there are two different stages of biogenic gas generation. In early stage 
generation the gas is formed early in the burial history of low rank coal and is infrequently 
preserved if there was rapid deposition. Late stage, or secondary biogenic gas, is a result of 
bacteria being introduced to the coal, after burial and coalification, via active groundwater 
systems. This accessibility may also suggests that reasonable permeability could exist within 
the seam (Rice, 1993; Scott et al., 1994). Carbon isotope data and the high CH4 contents, 
averaging >90%, present in the Waikato indicate that the gas is primarily of secondary 
biogenic origin (Butland and Moore, 2008; Moore and Butland, 2005). 
 
6.1.2. Storage of gas in coal 
 
Gas is stored by the coal in four basic ways: (1) as limited free gas within the 
micropores and cleats (fractures); (2) as dissolved gas in water; (3) as adsorbed gas held by 
molecular attraction on coal particles, micropore, and cleat surfaces; and (4) as absorbed gas 
within the molecular structure (Yee et al., 1993). The theoretical maximum amount of gas a 
coal can hold is estimated through adsorption analysis, while the amount of gas actually held 
within the coal is measured by desorption (Diamond and Schatzel, 1998).  Percent gas 
saturation is the difference between maximum holding capacity and the actual measured gas 
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‘charge’. Thus if a coal at a given temperature and pressure can hold 5 m3/t of methane, but 
only 2.5 m3/t was measured, the gas saturation would be 50%. In a study of subbituminous 
coals in the Powder River Basin, Stricker and Flores (2002) found them to frequently be 
undersaturated. Twombly et al (2004) and Butland and Moore (2008) also found this to be 
true for coal of similar rank in the Waikato.  
 
The ability of a coal to store gas is a function of pressure, temperature, mineral matter, 
moisture, rank, petrographic composition as well as gas composition (Montgomery, 1999; 
Yee et al., 1993). It has generally been accepted that gas sorption capacity increases with 
increasing pressure, which in turn is partially related to increasing depth as well as changes in 
temperature and rank. Increases in temperature result in more ‘free’ gas rather than gas in the 
sorbed state (Yee et al., 1993). Some studies have shown that gas adsorbs to the organic 
components of coal, with mineral matter acting as a diluent, resulting in gas contents 
decreasing with increasing inorganic material (Butland and Moore, 2008; Laxminarayana and 
Crosdale, 2002; Warwick et al., 2008). Coals with less than 10% ash yield still exhibit 
significant variation in gas volume which is apparently unrelated to the proportion of 
inorganic material. When ash yield is low it is more likely that the majority of elements are 
organically bound within the coal rather than being present as mineral matter (Li et al., 2007; 
2009; Newman et al., 1997).  
 
Inherent moisture is greatest in low rank coals (Ward and Barnsley, 1984). Laboratory 
experiments have demonstrated that the CH4 sorption capacity of low to medium rank coals is 
strongly suppressed when the coals are initially saturated with moisture, as compared with the 
CH4 capacity of the same coal on a dry basis (Crosdale et al., 2008; Levine, 1992). It is 
thought that moisture influences gas holding capacity by either competing with gases for 
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adsorption sites or blocking access to some of the micropores (Bustin and Clarkson, 1998; 
Day et al., 2008c; McElhiney et al., 1993). The equilibrium moisture content has been found 
to be a critical moisture value above which there is no further reduction in methane 
adsorption (Yee et al, 1993; Levy et al, 1997). 
 
Two different trends have been recognized between gas sorption and rank. One trend 
is U-shaped with a minimum at high volatile bituminous A rank. This minimum is believed to 
be created by the collapse of macroporosity because of physical compaction. Porosity 
increases again at higher ranks, resulting from the creation of secondary porosity by 
devolatilization of part of the coal structure. In the other trend, CH4 sorption increases with 
rank (Levine, 1993; Yee et al., 1993). When interpreting changes of anything related to rank, 
caution should be exercised as many properties change along with rank.  
 
Vitrinite rich coals have been generally been found to have greater CH4 adsorption 
capacity than inertinite rich coals of the same rank (Crosdale and Beamish, 1993; Crosdale et 
al., 1998; Lamberson and Bustin, 1993; Warwick et al., 2000). It has been reported that bright 
or banded coals (high vitrinite, low ash) have greater micropore volume than dull coals (high 
inertinite, high ash) of the same rank (Clarkson and Bustin, 1996; 1999; Crosdale et al., 1998; 
Lamberson and Bustin, 1993) and that vitrinite has a greater micropore capacity than other 
macerals (Unsworth et al., 1989).  
 
Coal seam gas generally is composed of a mixture of CH4, CO2, N2 and heavier 
hydrocarbons (Clarkson and Bustin, 2000). The gases do not sorb independently and can be 
competing for sorption sites. CO2 is sorbed preferentially over CH4 which is in turn greater 
than N2 (Yee et al., 1993).  
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6.2. Gas adsorption capacity of the Huntly coal 
6.2.1. Pre- and post-desorption isotherms 
 
Adsorption isotherms are presented for all samples in Figure 6.1 and are colour coded 
depending on the time between collection and analysis (Table 6.1, for complete isotherm data 
see Appendix 4). There is strong evidence that the samples collected post-desorption yield 
consistently larger gas adsorption capacities than the samples collected and analysed 
immediately (fresh samples with no desorption).  
 
At the reservoir pressure of approximately 4 MPa, the average adsorption isotherm for 
fresh samples have a holding capacity of 3.4 m3/t while the average isotherm for post-
desorption samples is 4.1 m3/t, almost 20% larger. This result is much greater than the 
experimental error value of ± 7% for within laboratory repeatability based on an Australian 
inter laboratory study (Crosdale et al., 2005). 
 
The differences between the fresh and post-desorption isotherms is likely a result of 
sample oxidation and sample moisture loss. This clearly highlights the need for the collection 
of fresh gas adsorption isotherm samples to get a realistic gas adsorption capacity. Using a 
larger value for gas adsorption capacity in the calculation of percent gas saturation (equation 
2.1) results in a lower saturation. The significance of this is that low gas saturation can 
decrease the attractiveness of a prospective gas play. A full discussion on ideal isotherm 
sampling conditions for the Huntly coalfield and a comparison of the significance of pre- and 
post-desorption sampling is presented in Moore and Crosdale (2006) and Crosdale et al. 
(2008). 
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Figure 6. 1. Methane adsorption isotherms from the Huntly Coalfield showing samples taken pre-
desorption (fresh) and post-desorption isotherms. 
 
 
Table 6. 1. Adsorption isotherm data for all samples collected from the Huntly coalfield. 
 
Drill hole Sample Collection time 
Mid-
point 
(m) 
Seam 
Langmuir 
Pressure  
(MPa) 
daf 
Langmuir 
Volume 
(m3/t) 
daf 
Adsorption 
capacity at 
4 MPa 
(m3/t) daf  
Mimi 1 Mimi 1 Field 407.34 Renown 3.25 7.57 4.18 
Jasper 1 Jasper 1 Field 411.93 Renown 5.90 9.22 3.73 
Mangapiko 1 Ma1 A Field 486.85 Renown 3.84 6.37 3.25 
Ruawaro 1 Ru1 A Field 422.40 Kupakupa 4.30 5.46 2.63 
Ruawaro 2 Ru2 A Field 458.12 Kupakupa 3.92 7.42 3.75 
Rotongaro 1 Ro1 A Field 449.34 Kupakupa 3.26 6.43 3.54 
Rotongaro 1 Ro1 B Field 452.34 Kupakupa 3.99 5.28 2.64 
Mangapiko 1 Ma1 B Field 512.04 Kupakupa 7.41 9.96 3.49 
        Average 4.48 7.21 3.40 
Jasper 1 M4 Post 409.31 Renown 6.32 8.53 3.31 
Mimi 1 J10 Post 412.75 Renown 5.77 10.17 4.16 
Ruawaro 2 Ru2 -B10 Post 438.14 Renown 4.41 9.80 4.66 
Rotongaro 1 Ro1 -C4 Post 436.09 Renown 4.65 9.99 4.62 
Mangapiko 1 Ma1 -D3 Post 483.70 Renown 3.40 9.52 5.15 
Ruawaro 2 Ru2 -B22 Post 461.54 Kupakupa 6.23 9.77 3.82 
Rotongaro 1 Ro1 -C11 Post 450.11 Kupakupa 5.43 8.68 3.68 
Mangapiko 1 Ma1 -D20  Post 517.39 Kupakupa 7.34 11.46 4.04 
        Average 5.44 9.74 4.13 
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6.2.2. Fresh adsorption isotherms  
 
Adsorption isotherms for the fresh samples (Table 6.1) are presented in Figure 6.2. 
Considerable variation exists with a range in holding capacity at 4 MPa from 2.63 m3/t to 
4.18m3/t, a difference of almost 40% (expressed on a dry ash free [daf] basis). As presented 
above, the average holding capacity from these results is 3.4 m3/t (at 4 MPa) with a standard 
deviation (sd) of 0.54 m3/t. The two samples collected from Rotongaro 1 are of particular 
note as despite being only 3 m apart they have almost 1 m3/t difference in gas holding 
capacity. 
 
 
 
Figure 6. 2. Fresh adsorption isotherms from the Huntly coalfield. 
 
 
Acknowledging that there are only a limited number of samples available, the 
adsorption isotherms were colour coded by seam and seam average isotherms were created 
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(Fig. 6.3). Considerable variation is present with the Renown seam ranging from 3.25 m3/t to 
4.18 m3/t and the Kupakupa seam from 2.63 m3/t to 3.75 m3/t. Comparison of the average 
adsorption curves for each seam indicated that the Renown seam has a greater average 
methane adsorptive capacity at 4 MPa (3.72 m3/t) than the Kupakupa seam (3.21 m3/t). This 
is an approximate 15% difference. Note that the Renown coal seam is stratigraphically higher 
than the Kupakupa seam. 
 
 
 
 
Figure 6. 3. Fresh adsorption isotherms colour coded by seam with the Renown and Kupakupa seam 
averages shown in black. 
 
 
6.2.3. Adsorption of methane and carbon dioxide  
 
Samples with analyses for both methane and carbon dioxide isotherms are presented 
in Table 6.2 and Figure 6.4. Adsorption isotherms for both methane and carbon dioxide 
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showed considerable variation with methane holding capacity at the reservoir pressure 
(approximately 4 MPa) ranging from 2.63 to 4.18 m3/t (daf) and carbon dioxide holding 
capacities ranging from 22.00 to 23.72 m3/t (daf).  Relative to the volume of gas adsorbed, 
greater variation was seen for methane than carbon dioxide at 4 MPa. In contrast to the 
relationship found between the Renown seam and methane holding capacity, the Kupakupa 
seam has a higher average carbon dioxide holding capacity than the Renown, 23.21 m3/t 
versus 22.77 m3/t.  
 
 
Table 6. 2. Gas adsorption capacities at reservoir pressure 4MPa. 
 
Drill hole Seam 
Mid-
point 
(m) 
CH4 
adsorption at  
4 MPa (m3/t) 
CO2 
adsorption at  
4 MPa (m3/t) 
CO2/CH4 
Ratio 
daf daf daf 
Mimi 1 Renown 407.34 4.18 23.72 5.68 
Jasper 1 Renown 411.93 3.73 22.59 6.06 
Mangapiko 1 Renown 422.40 3.25 22.00 6.77 
Mangapiko 1 Kupakupa 458.12 3.49 23.50 6.73 
Ruawaro 1 Kupakupa 486.85 2.63 22.55 8.57 
Ruawaro 2 Kupakupa 512.04 3.75 23.56 6.29 
 
 
The samples with the greatest methane holding capacity do not necessarily have the 
highest holding capacity for carbon dioxide. Instead, relative to volume adsorbed, greater 
variation was seen for methane than carbon dioxide at 4 MPa. Thus, ratios of the coals 
holding capacity for carbon dioxide versus that for methane range from 5.7 to 8.6, with the 
average being 6.7:1 (daf). That is, the coal can theoretically hold 6.7 times more carbon 
dioxide than methane, making the coal seams of the Huntly coalfield an attractive prospect 
for potential ECBM and CO2 sequestration (Mares and Zarrouk, 2008; Zarrouk and Moore, 
2007; 2009).   
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Figure 6. 4. (A) Methane and (B) carbon dioxide adsorption isotherms. Dashed lines are Renown seam 
samples while solid lines are the Kupakupa samples. 
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Published results where both vitrinite reflectance and CO2:CH4 ratios have been 
reported (Busch et al., 2003; Mastalerz et al., 2004; Rodrigues and Lemos de Sousa, 2002; 
Saghafi et al., 2007), including data from this study, have been plotted in Figure 6.5. This 
does not mean that all of the methane can be removed and replaced with carbon dioxide in 
situ, or that the carbon dioxide can be sequestered at maximum capacity (Bromhal et al., 
2005).  
 
 
 
 
Figure 6. 5. Ratio of carbon dioxide to methane adsorption versus rank. The Huntly data and that from 
Saghafi et al. (2007) are reported as Rmax, while all other data reported for random vitrinite reflectance. 
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6.3. Total gas content of the Huntly coal 
6.3.1. Total gas content by drill hole 
  
 
 Gas data for the TW1 drill hole has been presented previously by Twombly et al. 
(2004), Butland (2006) and Butland and Moore (2008). The two seams in this location are 
separated by only a 20 cm high ash layer and a gradual increase in total gas content has been 
identified with increasing depth (Fig. 6.6). 
 
 
 
 
 
Figure 6. 6. Vertical profiles of total gas content (aa) for the TW1 drill hole. (A) Renown seam (B) 
Kupakupa seam. Data points circled yielded >20% ash. 
 
 
For the Renown seam, 16 coal intervals were retrieved from the TW1 drill hole for 
desorption analysis, with total gas contents ranging from 1.16 m3/t to 1.89 m3/t as analysed 
(aa; excluding 1 interval where ash yield was >20%, the cut off defined in Chapter 4). An 
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additional 21 canisters of coal were collected from the Kupakupa seam with gas contents 
ranging from 1.4 m3/t to 2.05 m3/t aa. The full gas content dataset is given in Appendix 4. 
 
 At the Ruawaro 1 location, the Renown seam is split into multiple beds and the total 
gas content is highly variable for the 7 intervals collected. The gas volume ranges from 0.70 
m3/t to 1.26 m3/t (aa; excluding 2 intervals where ash yield was >20%). Total gas content is 
much less variable in the Kupakupa seam (15 canisters) where total gas content ranged from 
0.94 m3/t to 1.37 m3/t (aa) (Fig. 6.7). 
 
 
 
 
Figure 6. 7. Vertical profiles of total gas content (aa) for the Ruawaro 1 drill hole. (A) Renown seam (B) 
Kupakupa seam. Data points circled yielded >20% ash. 
 
  
Similar to the Ruawaro 1 location, the Renown seam in Ruawaro 2 drill hole shows 
much greater heterogeneity in its total gas content profile than that seen in the Kupakupa 
seam (Fig. 6.8). Fifteen canisters were collected from the Renown seam with a total gas 
content range of 1.11 m3/t to 3.22 m3/t (aa; excluding 1 interval with ash yield >20%), while 
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the 11 canister collected from the Kupakupa seam had a range from 1.85 m3/t to 2.55 m3/t 
(aa).  
 
 
 
 
Figure 6. 8. Vertical profiles of total gas content (aa) for the Ruawaro 2 drill hole. (A) Renown seam (B) 
Kupakupa seam. Data points circled yielded >20% ash. 
 
 
 As stated in Chapter 3, the Renown seam at Rotongaro 1 location is very thin (~2 m) 
while the Kupakupa seam is reasonably thick (~12 m). In contrast to the thick Kupakupa 
seam identified in TW1, total gas content decreases with increasing depth (Fig. 6.9), while 
the Renown seam has gas contents equivalent to the upper part of the Kupakupa. Although of 
similar depth to the Ruawaro 1 and 2 drill holes, total gas contents are significantly lower 
with a range of 0.63 m3/t to 0.69 m3/t (aa) for the Renown seam (4 canisters) and 0.39 m3/t to 
0.71 m3/t (aa) for the Kupakupa seam (21 canisters).  
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Figure 6. 9. Vertical profiles of total gas content (aa) for the Rotongaro 1 drill hole. (A) Renown seam, (B) 
Kupakupa seam. 
 
  
As with Rotongaro 1, the Mangapiko 1 drill hole, yielded relatively low total gas 
contents (Fig. 6.10). The Renown seam had a range in gas contents from 0.77 m3/t to 1.12 
m3/t (aa) while the Kupakupa ranged from 0.36 m3/t to 0.55 m3/t (aa). Ten canisters were 
collected from each seam, however two intervals in the Renown were excluded from the 
ranges as ash yield >20%.  
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Figure 6. 10. Vertical profiles of total gas content (aa) for the Mangapiko 1 drill hole. (A) Renown seam 
(B) Kupakupa seam. Data points circled yielded >20% ash. 
 
 
 The remaining three drill holes, drilled as part of a five well pilot production test, 
cored the Renown seam only and targeted the area identified in the exploration drilling that 
showed the highest gas contents. As such, Jasper 1, Mimi 1 and Baco 1 drill holes are very 
close to the Ruawaro 2 drill hole (Fig. 2.1). For these three cores the top of the Renown seam 
(approximately 0.5 m) was tagged prior to changing to a wireline core barrel, hence, the top 
of the seam was not sampled. 
 
 The vertical profile of total gas content for Jasper 1 is presented in Figure 6.11. 
Excluding sample J1, which has an ash yeild of 41%, total gas content for the coal samples 
(10 intervals) ranges from 2.27 m3/t to 2.91 m3/t (aa). The two deepest samples, J12 and J13, 
were collected from the interburden and contained 0.86 and 0.71 m3/t (aa) of gas respectively. 
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Figure 6. 11. Vertical profile of total gas content (aa) for the Jasper 1 drill hole. Data points circled 
yielded >20% ash. 
 
 
 
 On average, the Mimi 1 location, had the highest gas contents with a range from 2.78 
m3/t to 3.16 m3/t (aa) for the 11 canisters (Fig. 6.12). The canister of interburden, collected 
below the Renown seam (sample M12), yielded 0.87 m3/t (aa). The series of peaks in gas 
content in the Mimi 1 drill hole appear to be stratigraphically similar, yet less pronounced, 
than those recognizable in the Jasper 1 core. Spatially, these two cores are less than 400 m 
apart. 
 
Only 3 m of core was retrieved from the Baco 1 drill hole because of coring 
difficulties and hole collapse. Total gas contents for the 6 retrieved canisters ranged from 
2.23 m3/t to 3.00 m3/t (aa; Fig. 6.13). 
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Figure 6. 12. Vertical profile of total gas content (aa) for the Mimi 1 drill hole. Data points circled yielded 
>20% ash. 
 
 
 
 
Figure 6. 13. Vertical profile of total gas content (aa) for the Baco 1 drill hole. 
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6.3.2. Total gas content by seam 
 
Considerable within and between seam variation was seen for all drill holes as well as 
significant differences in gas volume between drill holes. In all locations, with the exception 
of Rotongaro 1 where the Renown seam is very thin, the Renown seam showed greater 
heterogeneity in gas content than the Kupakupa seam. 
 
To investigate the differences by seam the average gas content, for the five drill holes 
where both seams have been cored, are presented (daf) in Figure 6.14 and Table 6.3. 
Averages exclude any material with >20% ash yield.  
 
 
 
 
Figure 6. 14. Average total gas content (daf) by drill hole, where both seams have been cored. Coal 
samples with ash yield <20% have been excluded from the averages. Ru1 = Ruawaro 1, Ru2 = Ruawaro 2, 
Ro1 = Rotongaro 1 and Ma1 = Mangapiko 1. 
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Table 6. 3. Average gas contents by seam (daf) where both seams have been cored. Coal samples with ash 
yield <20% have been excluded from the averages. 
 
Drill hole Seam Minimum (m3/t) 
Average 
(m3/t) 
Maximum 
(m3/t) SD n 
Ruawaro 1 Renown 0.94 1.42 1.66 0.27 7 
Kupakupa 1.25 1.53 1.70 0.13 15 
Ruawaro 2 Renown 1.60 3.08 4.07 0.79 14 
Kupakupa 2.50 2.89 3.18 0.21 11 
Rotongaro 1 Renown 0.82 0.90 1.04 0.09 4 
Kupakupa 0.50 0.71 0.92 0.12 21 
Mangapiko 1 Renown 1.02 1.28 1.43 0.12 8 
Kupakupa 0.53 0.63 0.79 0.07 10 
TW1 Renown 1.39 1.69 1.97 0.18 13 
Kupakupa 1.70 2.02 2.42 0.17 19 
Average Renown  0.82 1.94 4.07 0.92 46 
  Kupakupa 0.50 1.51 3.18 0.93 76 
SD = standard deviation; n = number of samples.
 
Overall, the Renown seam has a greater average total gas content than the Kupakupa 
seam by approximately 25% (Fig. 6.15). In contrast to this trend, the Kupakupa seam in the 
TW1 and Ruawaro 1 holes has a slightly higher total gas content than the Renown (Fig. 
6.14).  
 
 
 
Figure 6. 15. Average total gas content (daf) by seam for drill holes where both seams have been cored 
(see Figure 6.14). Coal samples with ash yield <20% have been excluded from the averages. 
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6.3.3. Gas desorption by location 
 
 As alluded to above, four of the drill holes: Ruawaro 2, Baco 1, Jasper 1 and Mimi 1 
are all located in the same area collectively known as ‘Beverland Road’. To highlight the 
difference between the total gas contents of these cores to those of the other drill holes the 
average total gas content (daf; no sample >20% ash yield) has been plotted for all wells in 
Figure 6.16. Overall the Beverland Road cores have over double the average gas content than 
the average of the other cores combined (Table 6.4 and Fig 6.17). 
 
 
 
 
Figure 6. 16. Average total gas content (daf) for the Renown seam for all drill holes. The average gas 
contents at the Beverland Road site are clearly greater than for coal collected from other locations. 
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Table 6. 4. Average gas contents (daf) of the Renown seam from all locations. Samples with ash yield 
>20% have been excluded. 
 
Drill hole Minimum(m3/t) 
Average 
(m3/t) 
Maximum 
(m3/t) SD n 
Ruawaro 2 1.60 3.08 4.07 0.79 14 
Baco 1 2.74 3.12 3.71 0.35 6 
Jasper 1 2.73 3.02 3.43 0.22 10 
Mimi 1 3.28 3.54 3.82 0.18 11 
Ruawaro 1 0.94 1.42 1.66 0.27 7 
Rotongaro 1 0.82 0.90 1.04 0.09 4 
Mangapiko 1 1.02 1.28 1.43 0.12 8 
TW1 1.39 1.69 1.97 0.18 13 
Beverland Road  1.60 3.19 4.07 0.54 41 
Other Renown 0.82 1.43 1.97 0.32 32 
SD= Standard deviation; n = number of samples. 
 
 
 
 
Figure 6. 17. Average total gas content (daf) for coal from the Beverland Road location versus results 
combined from other locations. 
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6.4. Variability in gas adsorption, desorption and saturation 
 
As shown above, there is considerable variation in gas properties both within and 
between seam intervals. Sample retrieval in the field usually results in the collection of 
numerous desorption samples and very few adsorption samples. Reported numbers of 
adsorption: desorption samples include 47:615 (Stricker and Flores, 2002), 75:615 (Stricker 
et al., 2006), 4:90 (Butland and Moore, 2008), 8:163 (Mares and Moore, 2008), and 14:76 
(Warwick et al., 2008). This raises the question: are the relatively low proportions of 
adsorption to desorption samples sufficient to characterize a core or a seam?  
 
A frequently used method for assessing the commercial viability of coalbed methane 
(CBM) prospects is to calculate gas-in-place (GIP). GIP requires knowing or estimating the 
maximum holding capacity of a coal (i.e. from the adsorption isotherm) for any particular 
depth/pressure as well as the level of saturation. As such, reservoir saturation is a key 
parameter when assessing the economic viability of a CBM play. As saturation is calculated 
using results from adsorption and desorption analyses, unsurprisingly saturation has been 
reported to show significant variation. Stricker and Flores (2002) found saturation to vary 
from 23% to 66% while Butland and Moore (2008) found down hole variation in saturation 
values of greater than 40%. Knowledge of the saturation in a reservoir is important for 
economic assessment of gas deposits as the level of saturation dictates the down hole pressure 
required for gas desorption, which highly influences gas recoverability (see also Bustin and 
Bustin (2008)). 
 
To further examine variability in gas adsorption, desorption, and gas saturation the 
Renown seam in the Jasper 1 drill hole was selected for closer analysis. The average moisture 
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content for the Jasper 1 core was the lowest reported for the Renown seam. As such, it was 
decided to use the average moisture (16.2%) and ash yield (3.8%) for Renown seam (Figure 
3.10) to correct gas desorption and adsorption data to average in situ basis.  
 
6.4.1. Variability in gas adsorption capacity 
 
The adsorption samples presented in this part of the study are all post-desorption 
analyses. Hence, it needs to be stated that the gas holding capacities are likely to be greater 
than the actual gas holding capacity of the reservoir. However, as the aim of this section is to 
study in seam variability, it is the relative differences between samples that are important. 
 
The methane adsorption isotherm curves (Fig. 6.18) clearly show the variability in 
maximum holding capacity for the Jasper 1 samples. Three of the curves, J6, J8 and J11, have 
a different curvature to the other isotherms, despite all material having been collected from 
within a 5 m interval. At 4 MPa, the J6 and J8 samples are the two most extreme samples, in 
spite of their close proximity and very similar coal properties.  
 
Methane gas adsorption capacity was found to vary substantially from 2.20 m3/t to 
3.66 m3/t (a 40% difference), at a pressure of 4 MPa on average in situ basis, with an average 
of 3.16 m3/t and a standard deviation of 0.40 m3/t (Table 6.5). As the adsorption capacity for 
J6 is actually 0.63 m3/t less than the next smallest sample and approximately 1 m3/t less than 
the samples either side (see Figure 6.19A), there was some concern about its validity. The 
experimental procedures for the adsorption analysis for J6 were reviewed and showed no 
abnormalities. Other than the macroscopic log noting that the interval had a “fairly solid 
looking matrix” no other unusual properties were identified.  If J6 is excluded, the gas 
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adsorption capacity varies from 2.83 m3/t to 3.66 m3/t (23% difference) at 4 MPa, with an 
average of 3.27 m3/t and a standard deviation of 0.23 m3/t. Whether J6’s adsorption value is 
real or erroneous, it does illustrate the risk of using only a few samples to estimate the 
properties of a whole seam.  
 
 
 
 
Figure 6. 18. Adsorption isotherms for the ten Jasper 1 samples. The three highlighted samples J6, J8 and 
J11 show different curvature. Average total gas content (red) and reservoir pressure (green) for the seam 
are marked. 
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Table 6. 5. Total gas content, gas adsorption capacity and saturation by canister on average in situ basis. 
 
Canister 
Total  
gas content      
(m3/t) 
Adsorption 
capacity at 4 
MPa (m3/t) 
Saturation      
(%) 
J2 2.61 3.40 76.68 
J3 3.01 3.16 95.20 
J4 2.59 2.83 91.47 
J5 2.48 3.20 77.63 
J6 2.65 2.20 120.25 
J7 2.58 3.33 77.54 
J8 2.42 3.66 66.26 
J9 2.85 3.36 84.93 
J10 2.72 3.34 81.59 
J11 2.44 3.15 77.52 
Minimum 2.42 2.20 66.26 
Average 2.64 3.16 84.91 
Maximum 3.01 3.66 120.25 
SD 0.19 0.40 14.85 
                   SD= Standard deviation 
 
6.4.2. Variability in total gas content 
 
Total gas content (on an average in situ basis) in the Jasper 1 drill hole was found to 
vary from 2.42 m3/t to 3.01 m3/t (a 20% difference), with an average of 2.64 m3/t and a 
standard deviation of 0.19 m3/t (see Table 6.5 and Fig. 6.19A). A total variation of 0.59 m3/t, 
or about 22%, of the average total measured gas content is significant over the seam interval, 
particularly when there is no correlation with depth as evidenced from Figure 6.19A. There is 
a distinct lack of relationship between gas content and gas holding capacity. This can be 
explained as the gas adsorption capacity is a physical property of the coal whilst total gas 
content, in this case, is formed from secondary biogenic processes (i.e. post-coalification) and 
is hence not dependent on the coal structure. 
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Figure 6. 19. (A) Vertical profiles of total gas content (De= desorption) and gas adsorption capacity (Ad= 
adsorption) showing no relationship between the two. The samples J6 and J8 are marked. (B) Saturation 
profile of Jasper 1. 
 
6.4.3. Variability in gas saturation 
 
If the sample J6 is included, the percent gas saturation varies from 66.3% to 120.3% 
(45% difference) with an average of 84.9% and a standard deviation of 14.9 (Table 6.5). If J6 
is excluded, saturation still shows considerable variation with a range from 66.3% to 95.2% 
(30% difference) and an average of 81.0% (sd = 8.6). The vertical profile displayed in Figure 
6.19B shows that if only one sample was collected for adsorption and desorption analyses 
from either the J6 or J8 regions very different estimates on reservoir content, potential gas 
retrieval and commercial viability would be obtained.  
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6.4.4. How many samples? 
 
Sections 6.4.1 and 6.4.3 report values and averages for gas adsorption and gas 
saturation including and excluding J6. This section of the study excludes J6. The inclusion of 
J6 had the effect of further increasing the uncertainty around gas adsorption and gas 
saturation and increasing the number of samples required for the average to be within one 
standard deviation of the overall mean. 
 
Ten averaging runs for gas adsorption isotherms for the Jasper 1 drill hole (see section 
2.1.3 for procedure) are plotted in Figure 6.20 along with the mean of the nine samples and 
lines indicating ± one standard deviation (± 7.0%). For the Jasper 1 well, 7 out of 10 of the 
averaging runs were within one standard deviation of the mean when averaging only two 
randomly selected samples. Thus for whole seam estimates if one standard deviation is an 
acceptable level of uncertainty, only three or more samples for adsorption would have been 
required.  
 
The same procedure was applied to the total gas content results (i.e. desorption). The 
overall mean value for total gas content with one standard deviation (± 7.0%) uncertainty is 
shown in Figure 6.21. This time 9 out of 10 of the averaging runs were within one standard 
deviation of the mean when averaging only two randomly selected samples and all runs are 
within one standard deviation when 3 samples are averaged.  
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Figure 6. 20. Results of assessment of how many gas adsorption capacity samples are required to be 
within one standard deviation of the overall mean.  
 
 
 
 
 
 
 
Figure 6. 21. Results of assessment of how many gas desorption samples are required to be within one 
standard deviation of the overall mean.  
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For calculated percent saturation, at least three saturation calculations are again 
required to be within one standard deviation (± 10.7%) of the mean (Fig. 6.22). So in all 
analyses at least three samples would have been required to be within ± 10% of the mean. An 
additional benefit of collecting at least three samples is that anomalous or unusual results can 
be more easily identified and treated with caution.  
 
     
 
 
 
Figure 6. 22. Results of assessment of how many gas saturation analyses are required to be within one 
standard deviation of the overall mean.  
 
 
 
 
6.5. Gas quality and isotopic composition 
 
Where analysed, gas from the wells was always greater than 90% methane in 
composition and generally composed of <2% carbon dioxide. The average gas composition 
from 41 measurements (reported with oxygen, nitrogen and air free corrections) is given in 
Table 6.6.  
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Methane δ13C and δD isotope data from eight collected gas samples (Table 6.7) 
ranged from about –66 to –68‰ and –201 to –225‰ respectively. When these values were 
plotted in Figure 6.23, the results indicate a secondary biogenic origin for the methane gas 
present in the Huntly coalfield. All values fall within the CO2 reduction compositional field 
of Whiticar et al. (1986). 
 
 
Table 6. 6. Mean gas composition (from 41 measurements) from the Renown and Kupakupa coal  
seams. 
 
Gas basis Mean SD 
CH4 % 98.43 1.77 
CO2 % 1.52 1.77 
C2H4 ppm 0 0 
C2H6 ppm 338.72 280.38 
H2 ppm 154.9 403.96 
O2 % 0 0 
N2 % 0 0 
SD = standard deviation 
 
 
 
Table 6. 7. Gas isotope data from the Huntly Coalfield. 
 
Drill hole ∂D per mil ∂13C per mil 
Ruawaro 1 −216.0 −65.70 
Rotongaro 1 −204.0 −67.60 
Mangapiko 1 −210.6 −65.77 
Mangapiko 1 −206.5 −65.50 
Mangapiko 1 −209.7 −65.88 
Mangapiko 1 −205.4 −65.71 
TW1 −225.0 −67.50 
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Figure 6. 23. Gas isotopes from the Huntly coalfield showing the secondary biogenic origin of the gas. 
 
6.6. Discussion 
6.6.1. Within seam variation in methane adsorption and gas desorption 
 
 Within seams, total gas content was found to vary by between 20% and 45% 
(difference between maximum and minimum total gas content) while, for the Renown seam 
intersection in the Jasper 1 drill hole, methane adsorption capacity varies by 40%. As stated 
previously, considerable variation has been reported to exist within seams for total gas 
content (Butland and Moore, 2008; Flores et al., 2001; Moore et al., 2001; 2008; Stricker et 
al., 2006). However, very few studies have examined adsorption variation in such detail. 
Stricker et al. (2006) analysed six, two-foot gas adsorption samples within a ~40 m interval 
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of the Big George coal in the Powder River Basin, U.S.A, however this only represent around 
9% of the coal core. They still found considerable variation and some relationship to depth 
with the lower part of the seam having a maximum holding capacity of 207 - 279 ft3/t at 571 - 
918 psia and the upper part 171 - 230 ft3/t at 529 - 911 psia.   
 
To facilitate the generation of secondary biogenic gas there must exist reasonable 
permeability to allow the introduction of the microorganisms into the coal via groundwater 
recharge (Rice, 1993; Scott et al., 1994). Methanogenic consortia are composed of anaerobic 
archaea and bacteria which convert organic substrates (including hydrogen, CO2, acetate and 
formate; see equations 6.1 and 6.2) into methane (Budwill, 2003). Bustin and Downey (2002) 
proposed that possibly many low rank coals contain little to no gas because the groundwater 
conditions are unsuitable for biogenic gas production or because of the presence of an 
inhibitor to the microorganism consortia necessary for biogenic gas production. Warwick et 
al. (2008) found that in the Wilcox coal beds the coal gases are primarily generated where 
formation water is saline while shallow (< 150 m) areas containing freshwater have little or 
no biogenic gas. 
 
Researchers have identified and/or sequenced methanogens collected from both coal 
(Klein et al., 2008; Li et al., 2008) and coal formation waters (Green et al., 2008; Klein et al., 
2008; McIntosh et al., 2008; Shimizu et al., 2007; Strapoc et al., 2008b; Thielemann et al., 
2004) while Ulrich and Bower (2008) confirmed current, in situ active methanogenesis in the 
Powder River Basin, U.S.A. Experiments culturing both indigenous and foreign 
methanogenic consortia have successfully produced CH4 under laboratory conditions, both 
with and without nutrient enhancement (Budwill et al., 2005; Chou et al., 2008; Green et al., 
2008; Harris et al., 2008; Ulrich and Bower, 2008). Rate limiting factors of methanogenesis 
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were found to be temperature, pH, pressure and available surface area (Budwill et al., 2005; 
Green et al., 2008; Harris et al., 2008). It has also been suggested that methane production 
may be rate limited (Jones et al., 2008). Methanogens have been reported to be around 0.2 – 
6.0 μm in diameter (Gilcrease and Shurr, 2007; Strapoc et al., 2008b), which is larger than 
many coal pores. Thus, it has been proposed that microbial access may be limited to cleat 
surfaces (Gilcrease and Shurr, 2007; Scott, 1999). As such, accessibility may be a significant 
control on the in-seam variability identified in gas content (Strapoc et al., 2007; 2008a). 
 
The variation in total gas content can be at least partially explained in terms of 
controls on methanogenesis. However, the difference in methane holding capacity is a 
physical property (i.e. differences in porosity and available surface area) created during the 
coalification process and thus is unrelated to gas generation. Within seam variation was seen 
for both fresh (the two Rotongaro 1 Kupakupa samples) and post-desorption samples (Jasper 
1), hence the variation in adsorption isotherms cannot simply be ascribed to sample 
oxidation. 
 
6.6.2. Between seam variation in methane adsorption and gas desorption 
 
It has generally been accepted that gas sorption capacity increases with increasing 
pressure, which in turn is partially related to increasing depth as well as changes in 
temperature and rank (Yee et al., 1993). There is 10 – 25 m of interburden between the 
Renown and Kupakupa seams in the drill holes with only a minimal difference in reservoir 
temperature over this interval (Zarrouk and Moore, 2007). Chapter 4 did not reveal any major 
rank differences between the seams. Yet, in drill holes where both seams are represented, the 
stratigraphically higher Renown seam has a greater average methane adsorption capacity by 
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approximately 15% and an approximately 20% higher average total desorbed gas content 
(1.96m3/t) than the underlying Kupakupa seam (1.51m3/t). Thus, not only does the Renown 
seam have the capacity to hold more gas, it also contains/retains more gas. The greater total 
gas content can possibly be explained by: (1) vertical migration of gas from the Kupakupa to 
the Renown seam, in spite of the siltstone/claystone interburden, (2) the presence of a better 
seal above the Renown seam in comparison to the Kupakupa seam, or (3) differences in rate 
or quantity of biogenic gas generation.  
 
6.6.3. Sampling to minimize uncertainty in gas adsorption, desorption and saturation 
 
In the uncertainty part of the study (section 6.4), the total variance of the Jasper 1 
sample set was considered to be the sum of experimental or measurement error and the error 
that occurs from incomplete sampling of the natural variation in physical properties within a 
coal seam. Any single sample taken from a coal seam will incorporate both sources of 
uncertainty if sampling is being used to assess a representative mean physical property value 
for a seam. 
 
Estimating the first source of error, experimental or measurement error, in either 
adsorption or desorption analyses is complicated. Firstly, there are very few studies which 
quantify repeatability in adsorption tests because of concerns of the effect that repeated tests 
may have on the same sample. Crosdale et al. (2005) indicate within laboratory repeatability 
(experimental error) to be ± 7% based on an Australian inter-laboratory study, however this is 
likely to also include the second source of error as sample heterogeneity was cited as an 
contributor to the variances seen in the study results. For a full discussion of potential sources 
of error see Mavor (2004).  
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Estimating experimental error for measured gas (desorption) is even more difficult as 
once a canister has been desorbed, it cannot be desorbed again, thus precluding any type of 
quantification. It is recognized that desorption values can be the greatest source of error in 
saturation calculations because of lost gas and oxidation, particularly in low-rank coals 
(Hayton, 2003; Mavor and Nelson, 1997). Nelson et al. (2000) have suggested that 
underestimation errors of 15% or greater are possible when efforts are not made to minimize 
the effects of oxidation and desiccation. If robust experimental error data was available for 
gas adsorption and desorption, the impact of this error on the accuracy calculations of the 
average seam saturation could be assessed in isolation of seam variability. 
 
Estimating the second source of error in gas data, the additional error that occurs 
when sampling at discrete points within heterogeneous coal seams, is now discussed. As a 
coalbed methane play draws gas from the whole seam, and not just selected parts of the seam, 
assessing the behavior of the whole seam intersection in the exploration stage is necessary. 
Traditionally, either the whole seam is sampled numerous times (as is often the case for 
desorption analyses) or only a limited number of samples are taken across the whole seam (as 
seen for most adsorption tests). The first method may ‘over sample’ (i.e. needlessly take more 
samples than needed to estimate a seam’s average value) and the latter method may give an 
abnormally high or abnormally low value that is not representative for the whole seam.  
 
The within seam variation of gas properties in the Jasper 1 well is substantial. 
Considering Figure 6.19, neither a single adsorption nor desorption analyses reflects the 
average property of the whole seam. As such, the extent of sampling required to fully capture 
natural variations, such that the maximum possible accuracy for an average seam saturation 
estimate is achieved, needs to be determined on a seam by seam basis. It is important to note 
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that the number of samples required to reduce the variance of the mean to an acceptable level 
will depend on both the innate heterogeneity (variability) of a particular seam, and the level 
of uncertainty (e.g. as described in terms of variance or standard deviation) deemed 
acceptable. While this study found that at least three adsorption and desorption analyses 
would be required to obtain an average within 10% of the overall group mean, a more 
statistically rigorous analyses by Mares et al. (2009) found that at least five samples would be 
required. Unfortunately, it is impossible to know within seam variability prior to initial 
exploration sampling.  
 
What are ‘acceptable’ limits of uncertainty? This depends on the level of accuracy 
that is required by the individual, the bank, the investor or the available budget. There is no 
right answer for this. In a preliminary study, explorers may be comfortable with an 
uncertainty of ± 20%, for example. With more investment however, banks or investors may 
demand lower levels of uncertainty (thus ensuring less risk). Nevertheless it should be 
stressed that others, for whatever reason, may be more or less tolerant in their uncertainty. 
However, the minimum level of uncertainty to be sought is clearly limited by the 
measurement errors, as is consistent with the principle of consistent crudeness (Elms, 1992), 
whereby no greater accuracy should be sought than the most imprecise component.  
 
6.6.4. Potential for enhanced coal bed methane (ECBM) and CO2 sequestration 
  
It has been long recognised that coal can absorb greater volumes of CO2 than CH4, 
and the volumetric ratio of 2:1 has been widely reported for sub-critical CO2 partial pressures 
(Cui et al., 2004; Gentzis, 2000; Krooss et al., 2002; Rodrigues and de Sousa, 2002). With the 
growing interest in low rank coal deposits for both CBM production and CO2 sequestration, 
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evidence has emerged that this ratio can vary greatly in lignite and subbituminous coals.  
Several studies suggest ratios for low rank coals of 10:1 (Bustin, 2002; Stanton et al., 2001a; 
Stanton et al., 2001b); Burress (2003) found ratios in subbituminous coals ranging from 7.4 
to 10:1 and a ratio for lignite of 13.3:1, while Gluskoter et al. (2002) report that low-rank 
coals can hold 6 to 18 times more CO2 than CH4. These results clearly demonstrate that low-
rank coals, particularly subbituminous coal, have good potential for CO2 sequestration. 
However, this does not mean that all of the CH4 can be removed and replaced with CO2 in 
situ or that the CO2 can be sequestered at maximum capacity (Bromhal et al., 2005). For 
instance, in an ECBM laboratory experiment Mazumder and Wolf (2008) found that for dry 
coals the sweep efficiency of CO2 on CH4 ranges from 60% to 90% of the CH4 initially in 
place. It must also be noted that some of the injected CO2 will dissolve into the immobile 
reservoir water under the high injection pressures. This is an exothermic (heat of solution) 
process that releases heat into the coal in the proximity of the well bore. 
 
While the replacement of CH4 by CO2 may sound simple, this is not the case. As coal 
actually adsorbs the solvents into its molecular structure (Yee et al., 1993)  adsorption and 
desorption of adsorptive gases, such as CO2 and CH4, cause volumetric changes in the coal 
matrix (Harpalani and Chen, 1992; 1995; Harpalani and Schraufnagel, 1990; Harpalani et al., 
2006). During the production phase of a CBM project depressurization of the reservoir and 
desorption of gas leads to the coal matrix shrinking, resulting in opening of the cleats and 
hence an increase in permeability (Harpalani and Chen, 1992; 1995; Harpalani and 
Schraufnagel, 1990). This has been confirmed by field projects such as the Fruitland 
Formation in the San Juan Basin where absolute permeability increased with continued 
production (Mavor and Vaughn, 1998). Swelling of coal because of the sorption of gases and 
liquids is a well reported phenomenon (Bustin et al., 2008; Cody et al., 1988; Day et al., 
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2008b; Harpalani et al., 2006; Karacan and Mitchell, 2003; Kelemen et al., 2006; Levine, 
1996; Mazumder and Wolf, 2008; Mitra and Harpalani, 2007; Pone et al., 2008; Zarebska and 
Ceglarska-Stefanska, 2008). Unfortunately, swelling of coal in a confined pressure 
environment results in closure of the cleats and a decrease in permeability. Siriwardane et al. 
(2008) found that while the permeability of fractured coal samples did not change with time 
when exposed to an inert gas (argon), exposure to CO2 resulted in a permeability reduction of 
up to 70% of the original size for larger fractures and up to 90% for smaller fractures. 
Permeability of the smaller fractures was found to be similar to the matrix permeability 
leading to hypothesis that these fractures would be completely closed in situ.  
 
The cost incurred for the separation of CO2 from flue gases currently makes CO2-
ECBM uneconomic (Sander and Allison, 2008). As such, the injection of untreated flue gases 
is also being investigated by many researchers (Deng et al., 2006; Jessen et al., 2007; Law et 
al., 2003; Mares and Zarrouk, 2008; Mazumder et al., 2006; Zarrouk and Moore, 2009). The 
injection of flue gases both enhances CBM production and sequesters some CO2, but has the 
side effect of early breakthrough of nitrogen (N2), which is the major component of flue gas. 
Field research trials into the effectiveness of ECBM are underway, or are in the planning 
stages, in many countries including Australia, Canada, Japan, China, Poland and the USA 
(Connell, 2008; Damen et al., 2005; Hamelinck et al., 2002; Mavor et al., 2004; Ohga et al., 
2005; Reeves et al., 2004; Shi and Durucan, 2005; Wong et al., 2006) 
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6.7. Conclusions 
 
 For both gas adsorption and gas desorption analyses considerable variation was 
identified at all levels, within drill holes, within seams and between seams. Additional 
conclusions about gas properties are as follows: 
 
• Adsorption samples collected post-desorption yield consistently larger gas adsorption 
capacities than the samples collected and analysed immediately (fresh samples with no 
desorption). As such, to get a realistic assessment of gas adsorption capacity, samples for 
gas adsorption isotherms need to be collected fresh in the field. 
• The methane adsorption capacity for fresh samples range from 2.63 m3/t to 4.18 m3/t (daf). 
On average, the Renown seam has a greater average methane adsorptive capacity at 4 MPa 
(3.72 m3/t) than the Kupakupa seam (3.21 m3/t). 
• Carbon dioxide holding capacities of fresh samples range from 22.00 to 23.72 m3/t (daf). 
The Kupakupa seam has a higher average carbon dioxide content (23.21 m3/t) than the 
Renown seam (22.77 m3/t). The ratio of the holding capacity of carbon dioxide to methane 
is 6.7:1. 
• Total gas content varies from 0.53 m3/t to 4.07 m3/t in the Renown seam and 0.50 m3/t to 
3.18 m3/t in the Kupakupa seam (daf; no sample with >20% ash yield). For the locations 
where both seams have been sampled, the Renown seam has a higher average total gas 
content (1.94 m3/t) than the Kupakupa seam (1.51 m3/t). 
• The four drill holes located in the Beverland Road area (Ruawaro 2, Jasper 1, Mimi 1 and 
Baco 1) had considerably higher total gas contents than the other drill holes (TW1, 
Ruawaro 1, Rotongaro 1 and Mangapiko 1). Considering only the Renown seam, the 
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Beverland Road cores have an average total gas content of 3.19 m3/t while the remaining 
locations have an average of only 1.43 m3/t (daf; no sample with >20% ash yield). 
• Where analysed, gas from the wells was always greater than 90% methane in composition. 
Gas isotope results indicate a secondary biogenic origin for the methane gas present in the 
Huntly coalfield created by CO2 reduction. 
• An examination of gas adsorption, gas desorption and calculated saturation for the Jasper 
1 well found considerable variability existed within the ~5 m interval. Methane gas 
adsorption capacity varies from 2.20 m3/t to 3.66 m3/t, at a pressure of 4 MPa on average 
in situ basis, total gas content varies from 2.42 m3/t to 3.01 m3/t, while the percent gas 
saturation varies from 66.3% to 120.3%. For gas adsorption, gas desorption and calculated 
saturation it was found that at least three samples would have been required to be within 
one standard deviation (~10%) of the group mean.  
• Determination of how many samples are required to make a realistic assessment of 
average reservoir properties requires a consideration of: (i) the level of accuracy desired, 
(ii) the limit of accuracy possible, which is governed by the magnitude of experimental 
error, and (iii) the innate variability of the seam. 
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Chapter Seven 
 
Gas Associations 
  
 
 
 
Previous studies have shown there can be considerable variability in gas volume, both 
within a seam and between stratigraphically different coal seams in the same location 
(Butland and Moore, 2008; Flores, 2004; Flores et al., 2001; Moore et al., 2001; Stricker et 
al., 2006). The same type of variability was seen in the Huntly coal samples studied here. 
Variability in gas content can be the result of rank, type and grade. Some studies have shown 
that gas content decreases with increasing moisture (Hackley et al., 2007) and with increasing 
inorganic material (Butland and Moore, 2008; Laxminarayana and Crosdale, 2002; Warwick 
et al., 2008). In other studies, some of the variation has been associated with the degree of 
vitrain banding (Butland and Moore, 2008; Flores et al., 2001; Moore et al., 2001; Stricker et 
al., 2006), although the relationships are still poorly defined and certainly not universal 
(Butland and Moore, 2008).  
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7.1. Gas content and coal composition 
7.1.1. Proximate analysis and gas content 
 
In this section, the proximate results from Chapter 3 are compared with gas content. 
Proximate analysis data from all locations (< 20% ash yield, aa) were combined and a 
correlation table generated. The results relating to gas content are presented in Table 7.1.  
 
Table 7. 1. Correlation table comparing proximate analysis data with gas content (aa). Variables with 
correlations >0.50 have been highlighted in yellow. Overall = 149 samples, Renown = 73 samples and 
Kupakupa = 76 samples. 
 
    
Lost gas  
(m3/t)  
Measured gas 
(m3/t) 
Residual gas    
(m3/t)  
Total gas  
(m3/t)  
O
ve
ra
ll 
Depth (m) 0.10 -0.24 -0.37 -0.30 
Moisture (%) aa 0.03 -0.35 -0.42 -0.43 
Ash (%) aa 0.03 0.04 -0.11 0.01 
Volatile matter (%) aa -0.04 0.12 0.22 0.16 
Fixed carbon (%) aa -0.04 0.28 0.44 0.37 
Calorific value (MJ/kg) -0.09 0.23 0.44 0.32 
Sulphur (%) aa -0.07 -0.14 -0.15 -0.17 
R
en
ow
n 
se
am
 
Depth (m) 0.20 0.04 -0.19 0.01 
Moisture (%) aa 0.03 -0.24 -0.25 -0.28 
Ash (%) aa -0.07 -0.16 -0.19 -0.21 
Volatile matter (%) aa 0.00 0.15 0.19 0.18 
Fixed carbon (%) aa 0.02 0.31 0.30 0.36 
Calorific value (MJ/kg) -0.02 0.22 0.27 0.26 
Sulphur (%) aa -0.14 -0.38 -0.31 -0.44 
K
up
ak
up
a 
se
am
 Depth (m) 0.21 -0.43 -0.54 -0.51 
Moisture (%) aa 0.33 -0.39 -0.65 -0.52 
Ash (%) aa -0.07 -0.01 0.03 0.00 
Volatile matter (%) aa -0.26 0.03 0.28 0.11 
Fixed carbon (%) aa -0.17 0.42 0.55 0.51 
Calorific value (MJ/kg) -0.26 0.43 0.60 0.54 
Sulphur (%) aa -0.01 0.02 -0.06 0.00 
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Only a few weak associations were identified by the correlation coefficients (Table 
7.1). The only direct associations identified are in the Kupakupa seam with fixed carbon and 
calorific value associated with both residual and total gas content. Indirect associations were 
also identified in the Kupakupa seam with both depth and moisture associated with residual 
and total gas content.  
 
 As stated previously, studies have found total gas content to be inversely related to 
moisture content and ash yield. Hence, total gas content is plotted against moisture (aa; no 
samples with ash yield >20%) in Figure 7.1 and ash yield (db; all data) in Figure 7.2. 
 
 
 
 
Figure 7. 1. Moisture content (aa) versus total gas content (aa) by location for (A) the Renown seam and 
(B) the Kupakupa seam. Samples with ash yield >20% have been excluded. 
 
 
No clear associations were identified between total gas and moisture contents. Ash 
yields were generally very low with the majority (90%, Section 3.2.2) of samples yielding 
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<10%. It can be seen that when all of the available data are included (Fig. 7.2A), there is an 
indirect association with total gas content, whereas when ash yield is <10% (Fig.7.2B) no 
association can be identified. 
 
 
 
 
Figure 7. 2. Total gas content (db) versus percentage ash (db) for (A) all data and (B) samples with ash 
yields <10%. The Beverland Road sites were grouped together because of their proximity and similar gas 
content. Data for Rotongaro 1 were not presented as only one value had >10% ash db, while for 
Mangapiko 1 only the Renown was plotted as the Kupakupa seam had significantly less gas and again 
only one value >10% ash db. 
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7.1.2. Ultimate analysis and gas content 
 
 Ultimate analysis data are available for three seam intersections, for the Renown seam 
at the Jasper 1 and Mimi 1 locations and for the Kupakupa seam at the Ruawaro 2 location. 
Hydrogen in the Renown seam has some association with volatile matter and average 
fluorescence (see Section 4.3.6). Volatile matter and average fluorescence were therefore 
included in the correlation table between the ultimate analysis results and total gas content 
(Table 7.2).  
 
Table 7. 2. Correlation table comparing ultimate analysis data (db) with total gas content (db). Volatile 
matter and average fluorescence have been included because of their association with hydrogen identified 
in Section 5.3.6. Variables with correlations >0.50 have been highlighted in yellow. 
 
  Jasper 1 Mimi 1 Ruawaro 2 
Renown Renown Kupakupa 
  
Total gas 
(m3/t) 
 Total gas 
(m3/t) 
Total gas 
(m3/t) 
Carbon (%) db 0.41 0.21 0.69 
Hydrogen (%) db 0.54 0.54 0.02 
Nitrogen (%) db 0.37 0.23 -0.01 
Sulphur (%) db -0.15 -0.09 -0.75 
Oxygen (%) db -0.10 0.02 0.20 
Volatile matter (%) db 0.66 0.44 0.02 
Average Fluorescence (%) 0.56   0.16 
 
 
For the Renown seam intersections, total gas content has some association with 
hydrogen content, volatile matter and average fluorescence (Fig. 7.3A & B). Increasing gas 
content with increasing hydrogen content has also been identified by Hemza et al. (2009) in 
coals from the Czech Republic. Noting the concerns about the ultimate analysis results for the 
Ruawaro 2 Kupakupa seam data (Section 3.6.1), total gas content in the Kupakupa seam does 
not show association with hydrogen content, volatile matter or average fluorescence (Fig. 
7.3C). Instead in the Kupakupa seam total gas content shows an association with carbon 
content.  
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Figure 7. 3. The association of hydrogen content (db), volatile matter (db) and average fluorescence with 
total gas content (db) at the (A) Jasper 1 location and (B) Mimi 1 location. A distinct lack of association 
between these variables can be seen for the Kupakupa seam at the Ruawaro 2 location (C). 
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7.2. Gas content and coal petrology 
7.2.1. Percentage vitrain and gas content 
 
Some previous studies have identified an association between the degree of vitrain 
banding and total gas content (Butland and Moore, 2008; Flores et al., 2001; Moore et al., 
2001; Stricker et al., 2006). To examine this possibility, percentage vitrain is plotted against 
total gas content (aa) for each location in Figure 7.4. The plotted results show that, for the 
current study, there does not appear to be an association between the amount of vitrain 
banding and total gas content.  
  
 
 
Figure 7. 4. Percentage vitrain plotted against total gas content for (A) the Renown seam and (B) the 
Kupakupa seam. 
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7.2.2. Average phi size and gas content 
 
For each location, the average total gas content by seam is plotted against the average 
phi size by seam (Fig. 7.5). Interestingly, for the Renown seam an indirect association 
between total gas content and average phi size can be recognized, i.e. decreasing gas content 
with increasing vitrain band thickness, while for the Kupakupa seam there appears to be a 
direct association. Total gas content plotted against average phi size for the combined dataset 
is not presented as it was found that the volume of data collected from the Kupakupa seam 
swamped that of the Renown seam. It should be remembered that phi size data only take into 
account vitrain bands (20% - 30% of all point counts). In the BNB coal types, vitrain bands 
are only a minor component and thus might not be a good proxy for coal texture to compare 
with gas content. 
 
 
 
 
Figure 7. 5. Average vitrain band thickness (phi size) versus average total gas content (daf), by drill hole 
for (A) the Renown seam and (B) the Kupakupa seam. R2= coefficient of determination. 
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7.2.3. Coal type and gas content 
 
To assess the influence of coal type on total gas content the z-scores (equation 2.2) in 
the normalized dataset were averaged by coal type (Fig. 7.6). Average normalized total gas 
content appears to decrease from the BNB to the BHB coal type, however there is 
considerable variation. An analysis of variance (ANOVA) test was conducted on the coal 
type data set to look for statistical differences but when the three coal types were considered 
together, variation within groups was greater than any variation between the groups. 
However, when just the two extremes are compared, i.e. BNB and BHB, (the coal types are, 
after all, a continuum, separated qualitatively) then a difference is apparent between the two 
groups (Table 7.3). It must be recognized that the BHB dataset contains only 14 samples and 
hence ideally more data would be required to further support this observation. Further 
breakdown of the dataset by seams was not possible because of an insufficient number of 
samples. 
 
Table 7. 3. Analysis of variance (ANOVA) results conducted on the normalized coal type dataset 
comparing the extremes, the bright luster, non banded coal (BNB), and the bright luster, highly banded 
coal (BHB). The null hypothesis (Ho) is that the mean (μ) of the BNB coal type is the same as the mean of 
the BHB coal type. The alpha level (α) is the significance level related to the probability of rejecting a true 
hypothesis. 
 
Source Degrees of freedom 
Sum of 
Squares
Mean 
Square F Ratio 
Probability 
> F Ratio 
Coal type 1 3.2879 3.2879 4.6303 0.0361 
Error 52 36.9239 0.71007 
Total 53 40.2118 
ANOVA α= 0.05 Ho: μ BNB = μ BHB 
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Figure 7. 6. Average normalized total gas displayed by coal type on a dry ash free (daf) basis +/- 1 
standard deviation (SD) (normalization procedure explained in text). BNB= bright luster, non banded 
coal, BMB= bright luster, moderately banded coal and BHB= bright luster, highly banded coal. 
 
 
7.2.4. Organic petrology and gas content 
 
 Organic petrology was conducted on two cores from each seam. The Jasper 1 and 
Mimi 1 locations were analysed for the Renown seam, while the Ruawaro 1 and Ruawaro 2 
locations were analysed for the Kupakupa seam. The correlation coefficients for the 
comparison of gas content to organic petrology by seam are presented in Table 7.4. Very few 
associations are present between gas content and the organic components. In the Renown 
seam a direct association is present between suberinite and measured and total gas content. 
However, as suberinite is only present in amounts up to 2%, it is unlikely to have significant 
influence on gas content, and thus is only a casual association rather than causal. In the 
Kupakupa seam, residual and total gas content have a direct association with corpocollinite 
and the gelovitrinite sub-group, while lost gas content has an association with funginite 
content. Indirect associations in the Kupakupa seam can be seen for both lost and measured 
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gas content with cutinite. Additionally, all gas components have an indirect association with 
semifusinite. Again these organic components are minor contributors to the total coal 
composition in the Kupakupa seam with corpocollinite and the gelovitrinite sub-group only 
contributing up to 5%, funginite only up to 4%, cutinite up to 1% and semifusinite up to 2%. 
 
Table 7. 4. Correlation table comparing organic petrology data (mmf) with gas content (aa) by seam. 
Variables with correlations >0.50 have been highlighted in yellow. 
 
  Renown Seam Kupakupa seam 
Lost 
gas 
(m3/t) 
Measured
gas     
(m3/t)  
Residual 
gas     
(m3/t) 
Total 
gas 
(m3/t) 
Lost 
gas 
(m3/t) 
Measured 
gas     
(m3/t) 
Residual 
gas     
(m3/t) 
Total 
gas 
(m3/t)   
Vitrinite 0.39 0.10 -0.29 -0.01 -0.01 0.22 0.35 0.29 
Liptinite -0.23 0.13 0.16 0.21 -0.14 -0.16 -0.26 -0.22 
Inertinite -0.35 -0.31 0.28 -0.24 0.23 -0.15 -0.23 -0.17 
Telinite 0.08 0.24 -0.04 0.26 -0.21 -0.13 -0.21 -0.19 
Collotelinite 0.00 -0.12 -0.35 -0.40 -0.12 -0.08 0.02 -0.05 
Telovitrinite 0.01 -0.09 -0.35 -0.36 -0.13 -0.08 0.01 -0.06 
Corpocollinite 0.25 0.48 -0.27 0.42 -0.08 0.29 0.75 0.50 
Porigelinite 0.18 -0.06 0.01 -0.02 -0.03 0.19 0.08 0.15 
Gelovitrinite 0.34 0.25 -0.17 0.25 -0.09 0.35 0.73 0.53 
Collodetrinite -0.07 0.00 0.21 0.13 0.41 0.46 0.15 0.38 
Vitrodetrinite 0.26 0.10 -0.01 0.17 -0.22 -0.18 -0.10 -0.17 
Detrovitrinite 0.27 0.13 0.19 0.36 0.11 0.20 0.01 0.14 
Cutinite 0.22 0.05 -0.20 -0.03 -0.63 -0.50 -0.29 -0.49 
Suberinite 0.11 0.53 -0.01 0.63 0.14 0.06 0.43 0.24 
Sporinite -0.32 0.12 0.11 0.14 0.06 -0.24 -0.38 -0.31 
Resinite -0.01 0.07 -0.27 -0.12 -0.18 -0.17 0.01 -0.12 
Liptodetrinite -0.26 -0.02 0.29 0.12 -0.05 -0.30 -0.20 -0.28 
Semifusinite -0.26 -0.46 0.45 -0.26 -0.54 -0.60 -0.65 -0.70 
Funginite -0.23 0.02 0.08 0.03 0.74 0.48 0.20 0.45 
Inertodetrinite -0.35 -0.42 0.27 -0.38 0.00 -0.26 -0.29 -0.29 
  
 
7.3. Gas properties in detail 
 
 The Jasper 1 location was sampled for gas adsorption and gas desorption on a canister 
by canister basis and is the only core for which coal properties can be directly compared with 
gas adsorption capacity. As such, the Jasper 1 location is subjected to closer scrutiny in this 
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section. For comparison, the Kupakupa seam core from the Ruawaro 2 location is also 
presented in greater detail. 
 
7.3.1. Renown seam- Jasper 1 
 
 Gas content and gas adsorption capacity (aa) are compared to all available coal 
properties, the results of which are summarized in Table 7.5. The adsorption capacity at 
reservoir capacity (~4 MPa) for sample J6 was identified in Section 6.4.1 as being 
significantly lower than the surrounding coal material. Lost, measured and residual gas 
contents are plotted in Figure 7.7A. There is a significant difference in the lost gas content in 
samples J2 – J5 compared to samples J6 – J11. The higher lost gas contents in the upper part 
of the core indicate higher gas desorption rates than for the lower part of the seam. This 
change in desorption rate suggests a permeability change in sample J6. It was therefore 
decided to also compare coal properties with adsorption capacity excluding the J6 sample.  
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Table 7. 5. Correlation table comparing proximate analysis (aa), ultimate analysis (db), organic petrology 
and data (mmf) with gas content (aa) and adsorption capacity (aa; both including and excluding sample 
J6) for the Renown seam at the Jasper 1 location. Variables with correlations >0.50 have been highlighted 
in yellow. 
 
  Lost gas (m3/t) 
Measured 
gas (m3/t) 
Residual 
gas (m3/t) 
Total gas 
(m3/t) 
Adsorption 
Capacity @ 
4 MPa 
Adsorption 
Capacity @ 
4 MPa  
No J6 
Moisture 0.06 0.17 -0.40 -0.23 -0.64 -0.66 
Ash yield 0.70 -0.48 -0.43 -0.43 -0.04 -0.36 
Volatile matter -0.37 0.33 0.71 0.67 0.24 0.53 
Fixed Carbon -0.66 0.29 0.14 0.11 0.12 0.28 
Calorific value -0.72 0.53 0.50 0.51 0.15 0.42 
Sulphur 0.42 0.03 -0.31 -0.14 -0.06 -0.65 
Carbon  -0.63 0.42 0.38 0.38 -0.06 0.30 
Hydrogen  -0.53 0.54 0.45 0.52 -0.17 0.20 
Nitrogen  -0.09 -0.02 0.46 0.34 0.01 0.34 
Oxygen 0.04 -0.07 -0.01 -0.04 0.50 0.19 
Vitrinite 0.67 0.22 -0.41 -0.08 -0.18 -0.68 
Liptinite -0.53 -0.04 0.37 0.16 0.27 0.46 
Inertinite -0.56 -0.38 0.28 -0.09 -0.04 0.78 
Telinite -0.13 0.46 0.37 0.50 -0.02 -0.14 
Collotelinite 0.29 0.05 -0.78 -0.54 -0.34 -0.72 
Telovitrinite 0.28 0.10 -0.75 -0.50 -0.35 -0.74 
Corpocollinite -0.55 0.12 0.11 0.02 -0.18 0.39 
Porigelinite 0.43 0.28 -0.08 0.18 -0.27 -0.59 
Gelovitrinite 0.03 0.38 0.00 0.20 -0.41 -0.36 
Collodetrinite 0.20 0.37 0.56 0.69 0.09 0.01 
Vitrodetrinite 0.10 -0.30 0.13 -0.02 0.29 0.40 
Detrovitrinite 0.24 -0.01 0.53 0.49 0.34 0.38 
Cutinite 0.78 -0.24 -0.49 -0.34 0.05 -0.29 
Suberinite -0.53 0.02 0.47 0.27 -0.36 0.35 
Sporinite -0.68 0.10 0.37 0.20 0.71 0.87 
Resinite -0.13 -0.22 -0.27 -0.36 0.08 0.01 
Liptodetrinite -0.45 0.00 0.45 0.27 0.21 0.37 
Semifusinite -0.12 -0.29 0.25 0.03 -0.36 0.48 
Funginite -0.42 -0.45 0.31 -0.07 -0.12 0.58 
Inertodetrinite -0.68 -0.22 0.16 -0.14 0.21 0.69 
SiO2 0.70 -0.52 -0.57 -0.57 0.00 -0.37 
Al2O3 0.64 -0.16 -0.83 -0.62 -0.44 -0.77 
Fe2O3 -0.80 0.39 0.70 0.58 0.29 0.56 
CaO -0.16 0.27 0.71 0.68 0.24 0.42 
MgO -0.78 0.26 0.68 0.51 0.23 0.67 
Na2O -0.67 0.33 0.54 0.46 -0.10 0.36 
K2O -0.10 -0.22 -0.25 -0.34 -0.81 -0.59 
TiO2 0.27 0.11 -0.82 -0.55 -0.37 -0.80 
Mn3O4 0.45 -0.03 0.19 0.24 -0.04 -0.17 
SO3 -0.75 0.35 0.55 0.45 0.15 0.50 
P2O5 0.23 -0.01 -0.79 -0.60 -0.31 -0.73 
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Lost gas content shows a positive association to ash yield, vitrinite, cutinite, silicon 
and aluminium. Lost gas is compared with ash yield and vitrinite in Figures 7.7 B and C 
respectively. The upper part of the core (J2 – J5) shows a similar trend between lost gas 
content and the higher ash yields (>3%) while, with the exception of the increase in the 
sample at the base of the seam, there appears to be minimal similarity between the trends in 
the lower part of the core. In contrast, the lower part of the core shows a very similar trend to 
vitrinite content while the upper part does not. In an investigation of the effect of coal type on 
gas sorption, Crosdale et al. (1998) found that, in general, bright, vitrinite-rich coals had the 
slowest desorption rates, while dull and mineral-rich coals had faster desorption rates. In 
agreement, Radlinski et al. (2009) identified that faster sorption kinetics for CO2 were 
correlated with areas of higher mineral matter. Possibly in the current study when ash yield is 
>3% it has some influence on the gas desorption rate, while when ash yields is <3% gas 
desorption rate is more influenced by the vitrinite content.  
 
 Measured gas content shows very few associations. There is a direct association with 
calorific value and hydrogen content and a weak indirect association with silicon content. 
Residual gas content shows a direct association with volatile matter, calorific value, 
collodetrinite, the detrovitrinite sub-group and the ‘organically associated’ elements iron, 
calcium, magnesium, sodium and sulphur. Associations with residual gas contents are mostly 
indirect, for example with collotelinite, the telovitrinite sub-group and the elements identified 
as being ‘inorganically associated’- silicon, aluminium, titanium and phosphorous. The 
associations between residual gas content and coal properties suggest that less gas is retained 
in the coal when there are higher contents of structured vitrinite and inorganic matter present.  
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Figure 7. 7. All figures present data from the Renown seam at the Jasper 1 location (A) Lost, measured 
and residual gas content (aa). (B) Lost gas content (aa) and ash yield (aa). (C) Lost gas (aa) and vitrinite 
content (mmf). (D) Total gas content (aa) and collodetrinite content (mmf). LG = lost gas content, MG = 
measured gas content, RG = residual gas content, TG = total gas content, Cd = collodetrinite. 
 
  
Similar to measured and residual gas contents, total gas content shows a positive 
association with volatile matter, calorific value and hydrogen content. Calorific value in the 
Jasper 1 core has a correlation coefficient of 0.91 with hydrogen content and 0.68 with 
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volatile matter. Hydrogen has been previously shown to be correlated with volatile matter 
(Section 3.6.1). In addition total gas content shows a direct association with telinite, 
collodetrinite (see Fig. 7.7D) and the ‘organically bound’ elements iron, calcium and 
magnesium. Likely the association with organically bound elements exists as these elements 
are primarily related to the matrix material (Section 4.4.1). As seen for residual gas content, 
total gas content shows an indirect association with collotelinite, the telovitrinite sub-group 
and the ‘inorganically bound’ elements silicon, aluminum, titanium and phosphorous. The 
lost gas content shows a very similar trend to the total gas content profile (Fig. 7.7). Possibly 
the gas is being preferentially retained in the matrix material in situ. The results presented in 
this section agree with the relationship identified in Figure 7.6. 
 
 Very few associations can be seen with adsorption capacity when all samples are 
included. Adsorption capacity has a direct association with oxygen content and sporinite and 
an indirect association with moisture content and potassium. When sample J6 is excluded the 
association with oxygen disappears. Unfortunately as sample J6 has one of the lowest oxygen 
contents, potential oxidation does not explain the difference in adsorption capacity. When J6 
is excluded, adsorption capacity shows a direct association with volatile matter, sporinite, 
funginite, inertodetrinite and the inertinite group. Adsorption capacity is compared with 
sporinite and inertinite in Figure 7.8. With the exception of sample J6, which has the highest 
inertinite content, trends appear to be very similar particularly for the lower part of the core 
(J7 – J11). Sporinite contributes only up to 2% of the total coal composition while funginite, 
inertodetrinite and the inertinite group contribute up to 4%, 7% and 13% respectively. 
Possibly as the components are minor contributors to the overall composition, when 
considered together they may indicate that the environmental conditions in which the peat 
formed may exert influence upon the resultant coal structure and subsequent adsorption 
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capacity. Adsorption capacity (excluding J6) shows an indirect association with moisture, 
sulphur, collotelinite, the telovitrinite sub-group, the vitrinite group, porigelinite, aluminium, 
potassium, titanium and phosphorous. Interestingly these macerals and elements can be 
grouped into structured tissues and the elements thought to be bound within structured tissue 
(Sections 4.4.1 and 4.4.3). 
 
 
 
 
 
Figure 7. 8.  (A) Adsorption capacity (aa) and inertinite content (mmf), and (B) adsorption capacity (aa) 
and sporinite content (mmf) in the Jasper 1 Renown seam core. 
  
 
To further define the associations of gas content and adsorption capacity with coal 
properties, cluster analysis (including sample J6) was conducted and the results are presented 
as a dendrogram, which groups variables by similarity (Fig. 7.9).  
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Figure 7. 9. Dendrogram presenting the results of cluster analysis of data from the Renown seam at the 
Jasper 1 location. 
 
 
In the first (red) cluster, lost gas content is grouped with ash yield, cutinite and 
porigelinite while the in the orange cluster collotelinite is grouped with moisture. These two 
clusters and telinite are somewhat separate from the three remaining clusters. Measured and 
residual gas contents fall into the green cluster which includes volatile matter, hydrogen and 
calorific value as well as corpocollinite, suberinite, liptodetrinite and collodetrinite. The 
variables in the green cluster agree well with the correlation table results (Table 7.5). The 
blue cluster shows the variables most similar to adsorption capacity, as explained below. The 
blue cluster includes the macerals sporinite, inertodetrinite, funginite and vitrodetrinite. This 
cluster of macerals is the same as the group identified in Section 4.4.2 as being highest in the 
non-banded coal type, suggesting texture (and thus probably influences from the original 
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depositional environment) is the predominant control on adsorption capacity. Finally in the 
purple cluster, resinite is grouped with semifusinite. 
 
7.3.2. Kupakupa seam- Ruawaro 2 
 
 Gas content is compared with coal properties for the Ruawaro 2 Kupakupa seam in 
Table 7.6. Lost, measured and residual gas content profiles are presented in Figure 7.10A. 
Sample B20 shows the highest lost gas content and one of the lowest residual gas contents 
suggesting this sample has a high gas desorption rate and poor gas retention. The reason for 
this is unclear. The B20 sample is BNB coal with the highest inertinite content, one of the 
highest detrovitrinite contents and the lowest telovitrinite and gelovitrinite contents of all the 
samples in this seam intersection. 
 
Lost gas content shows a weak direct association with carbon content, collodetrinite, 
the detrovitrinite sub-group, funginite, the inertinite group, calcium, magnesium and 
manganese. Unlike the Jasper 1 Renown seam intersection, only one sample has an ash yield 
of >3%. The inertinite group contributes up to 7% of the coal composition in this seam 
intersection with funginite contributing up to 4%. The strongest direct correlation for lost gas 
is with funginite (Fig. 7.10B) however the similarity between the trends is weak. Lost gas 
content shows an indirect association with total sulphur, corpocollinite, the gelovitrinite sub-
group, liptodetrinite and the liptinite group. 
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Table 7. 6. Correlation table comparing proximate analysis (aa), ultimate analysis (db), organic petrology 
and data (mmf) with gas content (aa) for the Kupakupa seam at the Ruawaro 2 location. Variables with 
correlations >0.50 have been highlighted in yellow. 
 
  Lost gas (m3/t) 
Measured 
gas (m3/t) 
Residual 
gas (m3/t) 
Total gas 
(m3/t) 
Moisture 0.25 0.32 -0.59 -0.27 
Ash yield -0.41 -0.12 -0.62 -0.85 
Volatile matter -0.14 -0.11 0.34 0.22 
Fixed Carbon 0.33 -0.01 0.54 0.64 
Calorific value -0.02 -0.16 0.64 0.51 
Sulphur -0.54 -0.27 -0.43 -0.84 
Carbon (db) 0.52 0.23 0.38 0.73 
Hydrogen (db) 0.37 0.23 -0.19 0.10 
Nitrogen (db) -0.58 -0.45 0.59 0.07 
Vitrinite 0.39 -0.16 0.63 0.61 
Liptinite -0.56 -0.08 -0.47 -0.70 
Inertinite 0.51 0.60 -0.31 0.36 
Telinite 0.25 0.07 0.02 0.15 
Collotelinite -0.37 -0.17 -0.20 -0.46 
Telovitrinite -0.36 -0.17 -0.20 -0.45 
Corpocollinite -0.67 -0.80 0.32 -0.57 
Porigelinite -0.22 0.19 -0.01 0.12 
Gelovitrinite -0.76 -0.67 0.30 -0.49 
Collodetrinite 0.54 0.34 0.11 0.56 
Vitrodetrinite 0.18 -0.10 0.32 0.29 
Detrovitrinite 0.51 0.12 0.38 0.63 
Cutinite -0.38 0.12 -0.38 -0.37 
Suberinite -0.30 -0.49 0.37 -0.14 
Sporinite -0.10 0.29 -0.58 -0.37 
Resinite -0.31 -0.11 -0.42 -0.62 
Liptodetrinite -0.56 -0.01 -0.48 -0.65 
Semifusinite 0.34 0.31 -0.01 0.36 
Funginite 0.65 0.44 -0.10 0.47 
Inertodetrinite -0.03 0.42 -0.44 -0.07 
SiO2 -0.47 -0.80 0.30 -0.55 
Al2O3 -0.27 0.11 -0.69 -0.69 
Fe2O3 0.48 0.26 0.45 0.83 
CaO 0.56 0.62 0.16 0.88 
MgO 0.53 0.38 0.29 0.78 
Na2O 0.38 0.09 0.46 0.67 
K2O 0.03 -0.12 0.22 0.13 
TiO2 -0.23 0.11 -0.68 -0.67 
Mn3O4 0.51 0.52 0.18 0.79 
SO3 0.46 0.50 0.28 0.87 
P2O5 -0.30 0.06 -0.70 -0.75 
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Similar to the Jasper 1 location, measured gas in the Ruawaro 2 Kupakupa core 
showed very few associations. Measured gas showed a direct association with inertinite 
content (Fig. 7.10C), calcium, magnesium and sulphur and an indirect association with 
corpocollinite, the gelovitrinite sub-group and silicon. 
 
Residual gas content shows a direct association with fixed carbon, calorific value, 
nitrogen and vitrinite content (Fig. 7.10D) and an indirect association with moisture content, 
sporinite, ash yield, aluminium, titanium and phosphorous. Like the Jasper 1 location, total 
gas content shows similar associations to residual gas content. Total gas content shows direct 
associations with fixed carbon, calorific value, carbon, collodetrinite, the detrovitrinite sub-
group (Fig. 7.10E), the vitrinite group and the ‘organically associated’ elements iron, 
calcium, magnesium, sodium, manganese and sulphur. Calorific value in the Ruawaro 2 core 
has a correlation coefficient of 0.88 to volatile matter and only 0.41 to hydrogen content. As 
discussed previously there is concern with regards to the integrity of the hydrogen data for 
the Ruawaro 2 Kupakupa core. The combination of direct associations for total gas content is 
actually not that different to what is seen in the Renown seam for the Jasper 1 core. Total gas 
content shows indirect associations with corpocollinite, resinite, liptodetrinite, the liptinite 
group, ash yield and the ‘inorganically bound’ elements silicon, aluminium, titanium and 
phosphorous. The combination of liptinite and ash yield agrees with the associations 
identified for the Kupakupa seam in Table 4.7. 
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Figure 7. 10. All figures present data from the Kupakupa seam at the Ruawaro 2 location (A) Lost, 
measured and residual gas content (aa). (B) Lost gas content (aa) and funginite content (mmf). (C) 
Measured gas content (aa) and inertinite content (mmf). (D) Residual and total gas contents (aa) and 
vitrinite content (mmf). (E) Total gas content (aa) and detrovitrinite content (mmf). LG = lost gas content, 
MG = measured gas content, RG = residual gas content, TG = total gas content, Fung = funginite, Inert = 
inertinite, Vitr = vitrinite, Dv = detrovitrinite. 
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Gas content and coal property data from the Ruawaro 2 Kupakupa core was subjected 
to cluster analysis with the results presented as a dendrogram grouping variables by similarity 
in Figure 7.11. Two major clusters can be identified. The first cluster (red) includes gas 
content (lost, measured and residual), hydrogen, volatile matter and calorific value as well as 
the macerals collodetrinite, vitrodetrinite and funginite. Collodetrinite and vitrodetrinite are 
the predominant macerals in all samples (Section 4.3.1). The second major cluster includes 
ash yield, the liptinite macerals and macerals associated with structured tissue- collotelinite, 
porigelinite, corpocollinite and telinite. The clustering of variables in this way suggests that 
gas content is more associated with hydrogen and the coal matrix material than with 
structured tissue. This possibility is also consistent with the relationship seen in Figure 7.6. 
 
 
 
Figure 7. 11. Dendrogram presenting the results of cluster analysis of data from the Kupakupa seam at 
the Ruawaro 2 location. 
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7.4. Gas properties and microstructure 
 
 Acknowledging that there are a limited number of samples analysed in this study, 
correlation tables were used to look for statistical associations between coal microstructure 
and gas properties. Table 7.7 lists correlation coefficients between pairs of gas desorption and 
adsorption parameters and various microstructural parameters of matrix samples. The table 
uses the average seam gas content (no ash yield >20%) for each location, and isothermal 
adsorption data obtained for five coals (as there are no counterpart SAS data for the 
Mangapiko 1 Renown coal sample). These gas properties are compared to microstructural 
quantifiers of the corresponding matrix SAS samples (where the properties of the two 
samples for Mimi 1 and Jasper 1 were averaged).  
 
 Total gas content shows a direct association with all porosity sizes (regardless of 
reported basis) and is more strongly associated with the larger pore sizes (Table 7.7). No 
association is present between SSA and total gas content. When methane and carbon dioxide 
holding capacities are compared on a dry ash-free (daf) basis, direct associations can be seen 
with both microporosity and total porosity, with methane holding capacity also linked to 
macroporosity. In contrast, when using “as analysed” values, holding capacities for carbon 
dioxide are indirectly associated with SSA, microporosity, mesoporosity and total porosity, 
whereas holding capacity for methane continues to be directly associated with macroporosity 
and mesoporosity. Because the Huntly coals have very low inorganic matter content, the 
difference between “as analysed” holding capacities and the adsorption capacities 
recalculated to dry ash-free basis must predominantly be caused by moisture. From the results 
in Table 7.7 it appears that micropores are particularly affected.  
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Table 7. 7. Correlation table comparing gas adsorption capacities with coal microstructure. 
 
  Total gas content  Adsorption capacity at 4 MPa 
  aa daf CH4 aa CH4 daf CO2 aa CO2 daf 
SSA at 4 Å 0.09 0.11 -0.73 0.27 -0.64 0.45 
Microporosity 0.52 0.55 -0.2 0.59 -0.77 0.86 
Mesoporosity 0.70 0.71 0.64 0.22 -0.74 0.2 
Macroporosity 0.66 0.64 0.62 0.74 0.14 0.32 
Meso + Macroporosity 0.89 0.89 0.83 0.57 -0.49 0.33 
Total Porosity 0.79 0.81 0.22 0.7 -0.79 0.79 
  
 
7.5. Discussion 
7.5.1. Ash yield and gas content 
 
It has been previously recognized that the coal seams of the Waikato coalfields have 
very low ash yields of generally <10% (Edbrooke et al., 1994). This was confirmed in this 
study (Chapter 3) for the Huntly coalfield, with the majority of samples yielding <5% ash. 
However, ash yield does vary considerably in the samples studied (from 1 to 69%) and as ash 
yield increases, gas volume decreases. This indirect relationship is to be expected as methane 
has been recognized to adsorb to the organic components of coal, while increasing mineral 
matter content acts as a diluent to gas sorption capacity resulting in a reduction in gas content 
(Laxminarayana and Crosdale, 1999; 2002; Warwick et al., 2008; Yee et al., 1993). These 
results are consistent with previous work on New Zealand coals (Butland, 2006; Butland and 
Moore, 2008; Moore and Butland, 2005; Newman et al., 1997). However, when ash yield is 
less than 10%, variation in gas content seems to be unrelated to ash yield. As discussed in 
previous chapters when ash yield is low it is more likely that the majority of elements are 
organically bound within the coal rather than being present as mineral matter. Considering 
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the low ash yields of the Huntly coals it is reasonable to assume that when ash yields are less 
than 10% inorganic material has a minimal control on the total gas content. 
 
7.5.2. Macroscopic texture and gas content 
 
The ANOVA analysis of the normalized data set for the Huntly coalfield suggests that 
the higher methane contents are associated with the least banded (bright, non-banded) coal 
type. This is further supported by: (1) the greater percentage of the bright, non-banded coal 
type and a higher average gas content in the Renown seam than the Kupakupa seam, and (2) 
the greater percentage of the bright, non-banded coal type and a high average gas content in 
the Renown seam at the Beverland Road site, which has significantly more gas, than the 
Renown seam at the other locations. This is in contrast to the Powder River Basin studies 
where the highest gas contents were associated with the highest proportions of vitrain bands 
in low (<5%) inertinite coal (Moore et al., 2001). Additionally, Stricker et al. (2006) 
suggested that there was greater gas storage capacity in the more woody parts of the coal. It 
was proposed that the woodier parts maintain structure and potentially greater porosity. That 
there is greater porosity available in the structured material (vitrain) than matrix in the Huntly 
coalfield is confirmed in Chapter 5. In the Jasper 1 Renown seam core, telovitrinite is 
identified as being indirectly related to residual and total gas content suggesting that gas may 
move out of the structured tissue because of the porosity and is preferentially retained in the 
matrix material (Figs. 7.9).  
 
When considering average phi size versus total gas content by seam, the indirect 
association recognized for the Renown seam suggests that gas content is highest in the 
finer/least banded coal type. It can also be seen for the Beverland Road drill hole samples that 
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the average phi size for vitrain is finer than the average of the other sites where the Renown 
seam was analysed. However the Kupakupa seam exhibits the opposite association between 
band thickness and gas content. That is, greater gas content is associated with the coarser 
banded material. Like the Kupakupa seam, it was recognized in the Powder River Basin that 
there was some correlation between higher gas contents and increased vitrain band thickness 
(Flores et al., 2001), suggesting that variability of methane gas content in those coals are 
influenced by textural changes (Moore et al., 2001). Possibly in the Huntly coalfield, the 
differing environmental conditions between the seams at the time of formation (as suggested 
in Chapter 4) resulted in different vitrain band characteristics, as certainly the Renown seam 
is less banded than the Kupakupa seam. It is also possible that the thin nature of the bands 
present in the Huntly coalfield, particularly those associated with the finer banded coal types, 
may be too limited in extent and frequency to provide significant gas storage. Alternately, the 
open porosity that can exist within the bands could have been substantially degraded, 
compacted or infilled with resins (Chapter 4 found half of the pores contained fluorescent 
infillings). It is interesting to note that voids (i.e. porosity) can be seen macroscopically in the 
Powder River Basin coals (Stanton et al., 1989; Warwick and Stanton, 1988) while in the 
Huntly coal seams, voids can only be seen microscopically.  
 
Previous studies that have considered the relationship of coal type to methane storage 
capacity have generally compared bright or vitrinite-rich coals to dull or inertinite-rich coals. 
Vitrinite-rich coals have been generally been found to have greater methane adsorption 
capacity than inertinite-rich coals for coals of the same rank (Crosdale and Beamish, 1993; 
Crosdale et al., 1998; Lamberson and Bustin, 1993). In contrast, Hackley et al. (2007) found 
no relationship between coal type (though the study was based only on maceral composition 
with no macroscopic analysis) and gas storage. It is difficult to compare these studies to the 
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Huntly coalfield as all the coal types presented here, and New Zealand coals in general, are 
predominately vitrinite-rich (>80%) in composition and hence are all bright coals (Beamish et 
al., 1998; Edbrooke et al., 1994; Sherwood et al., 1992). 
 
7.5.3. Microstructure and gas content 
 
It is thought that moisture influences gas holding capacity in coal by either competing 
with gases for adsorption sites or blocking access to some of the micropores (Bustin and 
Clarkson, 1998; Day et al., 2008c; McElhiney et al., 1993; Prinz and Littke, 2005). Moisture 
content has previously been found to be critical in evaluating the storage capacity of the 
Huntly coals (Crosdale et al., 2008). 
 
Coals are considered to be hydrocarbon wet, and water molecules are thought to 
attach to polar sites on the pore wall (Day et al., 2008c). However, a comparison of neutron 
scattering and X-ray scattering data (Section 5.4.4) provides pore-size-specific information 
about the location of inorganic matter in Huntly coals: it is concentrated in pores within the 
size range 12.5-125 Å. Therefore, as water adsorption sites seem to be located preferentially 
in pores of certain sizes, moisture tends to condense in these water-wet regions thus blocking 
access to micropores for gases. The phenomenon could potentially be greater in the vitrain 
material than the matrix material.    
 
It has been suggested that although pores <100 nm in diameter are favourable for gas 
adsorption, they are not favourable for coal permeability (Liu et al., 2009; Yao et al., 2008). 
Considering the possibility of water blocked micropores and potentially limited connectivity 
with mesopores (2 – 50 nm in diameter) it is likely that smaller pores do not contribute to 
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porosity and permeability tested in the field. For coals from the Czech Republic, Hemza et al. 
(2009) suggests that while macropores are important  for total gas content, the micropores do 
not markedly contribute to the gas content of the coal seams. It was found that regardless of 
the volume of micropores, the amount of gas contained in the coal could be correlated with 
other parameters and processes that are determined by the geological history of the given coal 
bed (Hemza et al., 2009). 
 
7.5.4. Controls on gas properties in the Huntly coalfield 
 
Strapoc et al. (2008a) suggested that gas content is controlled by the amount of gas 
generated, adsorbed and preserved by the coal. The question raised by the current data set is 
whether the gas content differences in relation to macroscopic texture are because the non-
banded coal type successfully retains more gas, as it has a greater storage capacity, or 
whether its composition contributes to biogenesis. For the Renown seam at the Jasper 1 
location it appears both of these are possibly true while for the Kupakupa seam at Ruawaro 2 
it may be a little more complicated. 
 
It appears that hydrogen content is having some control on gas content, possibly 
acting as a food source for the methanogenic consortia. Budwill and Muehlenbachs (2007) 
found in growth experiments of methanogenic cultures, using deuterated water and coal as 
the carbon substrate, that only two of the hydrogen molecules in the produced methane were 
sourced from the water (via the CO2 reduction pathway). This suggests that the other two 
hydrogen molecules are synthesised from the coal. Previous studies had suggested that most 
of the hydrogen was sourced from the formation water (Budwill, 2003; Gorody, 1999).  
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Figure 7.6 shows greater gas content in the bright non-banded coal than in the more 
banded coal types while, in Figures 7.9 and 7.11, gas content is clustered separately from 
telovitrinite. Together these figures suggest that the non-banded (matrix-dominated) coal type 
retains more gas. This is possibly because the vitrain bands act as: (1) gas conduits, (2) that 
their porosity is clogged by moisture or resins or (3) that there is lower hydrogen content in 
telovitrinite material. It has previously been reported that hydrogen content is higher in 
collodetrinite than other vitrinite macerals in Waikato coals (Shaw, 1997). Alternately, as the 
vitrain samples used for the microstructural study were collected from larger vitrain bands 
(>3 mm in diameter) their structure integrity (and higher porosity contents) may be better 
maintained than thinner vitrain bands more typical of the Huntly coal field. 
 
In Chapter 4 it is suggested that the Renown seam formed in a more variable, 
geochemically degradational (to organic components) environment than the Kupakupa seam. 
This environment resulted in the coal being higher in matrix constituents and inertinite 
content. In Chapter 6 the Renown seam (which has a greater proportion of non-banded 
material) is shown to have a greater adsorption capacity than the Kupakupa seam. In addition, 
Figure 7.9 shows that adsorption capacity is associated with vitrodetrinite, sporinite, funginite 
and inertodetrinite. The percentage of these macerals is shown (in Chapter 4) to decrease as 
the degree of banding increases. It is therefore proposed that gas adsorption capacity is a 
function of coal texture, which is ultimately controlled by the original plant types and the 
environment of deposition. This agrees with work by Crosdale et al. (1998) who suggested 
that coal rank and type are not the critical factors controlling gas adsorption capacity, but 
rather it is the influence they exert over pore structure development that is important. 
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7.6. Conclusions 
 
 In this chapter coal compositional, petrological and microstructural information 
presented in Chapters 4, 5 and 6 have been compared to the gas data presented in Chapter 7. 
Conclusions are as follows: 
 
• There is an indirect association between ash yield and gas content when ash yield is 
>10%, however there is no relationship when ash yield is <10%.  
• When the dataset was normalized to remove any location specific bias, an association 
between coal type and gas content was recognized with the higher gas contents linked to 
the bright, non-banded coal type and the lower gas contents with the bright, highly 
banded coal type. An ANOVA test of the two extremes (bright, non-banded and bright, 
highly banded) showed a statistical difference between the two end member coal types. 
This is in contrast to previous studies on low rank coals in the Powder River Basin 
(Flores et al., 2001; Moore et al., 2001). 
• An indirect association was identified between average phi size and average gas content 
in the Renown seam; this relationship is supported at the macroscopic level, where the 
highest gas contents are associated with the least banded coal types. However, the 
Kupakupa seam appears to show a direct association. This difference might be explained 
by textural or porosity differences of the vitrain bands between the two seams.  
• For both seams, cluster analysis identified that total gas content variability is associated 
with hydrogen content, volatile matter and calorific value as well as collodetrinite and 
some other macerals which form the coal matrix. The structured vitrinite maceral 
collotelinite is not correlated to gas properties for either seam.  
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• Cluster analysis of the Jasper 1 Renown seam core shows that gas adsorption capacity at 
reservoir pressure is correlated with vitrodetrinite, sporinite, funginite and inertodetrinite 
contents. These macerals were identified to increase as banding decreased, i.e. they are 
highest in the non-banded coal type (Chapter 5). 
• Holding capacities for methane and carbon dioxide on a dry, ash-free basis were found to 
be correlated with microporosity. However, for “as analysed” gas holding capacities, 
there was no correlation between methane and microporosity data, whereas the carbon 
dioxide data were negatively correlated with both SSA and microporosity. This is 
thought to be caused by moisture which is likely concentrated in the pore size range 
12.5-125 Å. Both dry ash-free and “as analysed” methane holding capacity showed 
positive correlation with macroporosity, suggesting that gas holding capacity is affected 
by the presence of moisture blocking access to gas adsorption sites in smaller pores. 
• It is proposed that hydrogen content (which may be a food source for methanogens) 
could be a control on gas content. Additionally, it appears that gas is preferentially stored 
(or more successfully retained) in the matrix material of the coal. Adsorption capacity 
appears to be controlled by coal texture which is a function of the environment of 
deposition. 
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Chapter Eight 
 
Conclusions 
 
 
 
 
This study has presented and interpreted a dataset generated by analyses of ~84 m of 
coal core collected from the subbituminous Huntly coalfield in the North Island of New 
Zealand. Results include data from proximate analysis, ultimate analysis, ash constituents, 
macroscopic logging, organic petrology, gas desorption, gas adsorption, gas isotopes and gas 
composition, most of which were conducted on 0.5 m coal intervals. In addition, a 
microstructural study was conducted on selected matrix and vitrain samples using small angle 
scattering techniques. These data have allowed a few conclusions to be made about the gas 
coal properties of Kupakupa and Renown seams in the Huntly coal field. In addition, 
observations regarding sample collection for gas properties have been made.  
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8.1. Sample collection and data integrity 
 
The results on sample collection and data integrity with regards to adsorption 
isotherms should be of particular interest to industry and explorers of CBM in low rank 
coalfields. It was found that adsorption samples should be collected as fresh as possible from 
the field and not left for collection until after gas desorption analysis. Delaying sample 
retrieval yielded substantially larger holding capacities which in turn can (negatively) effect 
saturation calculations, a key field assessment parameter.  This change in holding capacity 
with time is likely a result of sample moisture loss and oxidation. For further detail on this 
subject readers should look to Crosdale et al. (2008).  
 
Additionally, considerable variation in both gas adsorption and gas desorption 
properties can be seen within a seam intersection within a single drill hole. This vertical 
variation is also echoed by lateral variation of gas properties within a single seam.  For the 
Jasper 1 Renown seam core, gas adsorption capacity was found to vary from 2.20 m3/t to 3.66 
m3/t and total gas content from 2.42 m3/t to 3.01 m3/t. These adsorption and desorption results 
led to calculated saturation varying from 66% to 120%. As a CBM well draws from the 
whole seam interval a seam average is more desirable than single data points and clearly, 
from these results, more than one sample should be collected. The current study found that at 
least three gas adsorption and gas desorption samples, as well as three gas saturation 
calculations, would be required to be within one standard deviation (~10%) of the overall 
group mean. A more statistically rigorous version of this work (Mares et al., 2009) found that 
at least five samples for each analyses should be collected for the calculated saturation to be 
within the same level of uncertainty.   
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8.2. Inorganic constituents in the Huntly coalfield 
 
Ash yield was shown to adversely affect gas content when >10%. Most of the samples 
in the dataset (90%) had ash yields of less than 10% hence; ash yield is not the dominant 
control on gas content in the Huntly coalfield. On average the Renown seam has a higher ash 
yield than the Kupakupa seam. In addition, ash yield increased along with the degree of 
vitrain banding. Detrital and diagenetic quartz, detrital clay, epigenetic carbonates (likely 
calcite and ankerite), iron oxides and syngenetic pyrite were identified in the organic 
petrology study. However, mineral matter counts (using optical microscopy) were very low 
and it is thought that the majority of the ash yield for the Huntly coal is contributed by 
organically associated elements. 
 
From ash constituent analysis, silicon was thought to be associated with ash yield, 
while iron, calcium, magnesium, sodium and sulphur were primarily associated with organic 
material. Aluminium, potassium, titanium, manganese and phosphorous showed unclear 
relationships and hence likely have mixed associations. Cluster analysis placed the ash 
constituents into two groups, an ‘inorganically associated’ group which included silicon, 
aluminium, titanium and phosphorous and an ‘organically associated’ group which included 
iron, calcium, magnesium, sodium, manganese and sulphur. The ‘inorganically associated’ 
elements were present in greater proportions in the Renown seam as well as the highly 
banded coal type. Aluminium, titanium and phosphorous showed some association to 
structured tissue while silicon did not. This association suggests that while silicon is 
frequently present in more banded coal it is not intimately associated with the plant material. 
 
Chapter 8: Conclusions 
 
Tennille Mares 273
 
Microstructural analysis on matrix and vitrain samples from the Huntly coalfield 
found that there is inorganic matter located in the 12.5 Å < r < 125 Å pore size range. The 
inorganic matter had greater influence on X-ray scattering curves in the vitrain samples than 
the matrix samples suggesting that inorganic material is present in the more structured 
tissues. The inorganic material is thought to be present as inorganic coatings, shaped as either 
spherical shells or hollow cylinders. A previous study where inorganic material was 
identified in this size range suggested that the inorganic material maybe clay (Radlinski et al., 
2004b). However, the almost complete absence of silicon identified by Li et al. (2009) in coal 
macerals from the Huntly coalfield and the lack of association identified between silicon and 
structured tissue suggests otherwise. It is thought that the inorganic material was held in the 
original plant material rather than being precipitated post deposition. 
 
8.3. Coal type distribution in the Huntly coalfield 
 
Three coal types were identified in the Huntly coalfield, defined by the proportion of 
vitrain bands present, (1) bright lustre, non-banded, (2) bright lustre, moderately banded and 
(3) bright lustre, highly banded. The average phi size (diameter of the shortest dimension) of 
the vitrain bands increases as the proportion of banding increases, however in general the 
bands are thin. The bright non-banded coal type was predominant in the Renown seam while 
the more banded coal types were dominant in the Kupakupa seam. As the degree of banding 
increases, the amount of structured vitrinite macerals increases and the amount of 
vitrodetrinite decreases.  
 
Similar to the difference in coal type distribution between the seams, overall the 
Kupakupa seam has more vitrain bands and more structured vitrinite than the Renown seam. 
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In contrast, the Renown seam has almost double the inertinite component of the Kupakupa 
seam, which is predominantly within the non-banded coal type. Inertodetrinite and funginite 
are the most common inertinite components. It is thought that the presence or absence of 
vitrain bands is controlled by the degree of tissue preservation rather than mire flora.  
 
8.4. Coal microstructure 
 
The total porosity of coal samples from the Huntly coalfield was found to vary from 
16% to 25%. Microporosity contributed 45% - 60% of the total porosity while macroporosity 
contributed 9% - 25%. Specific surface area ranges from 1.25 x 106 cm-1 to 2.88 x 107 cm-1 
and is predominantly contributed by the micropores. On average the vitrain samples have 
larger total porosities than the matrix samples, with a greater amount of mesopores. In 
addition, the vitrain samples had higher specific surface areas than the matrix samples. 
 
  For both methane and carbon dioxide gases, storage capacity (daf) was found to be 
correlated with microporosity. However, for “as analysed” gas holding capacities, there was 
no correlation between methane and microporosity data, while the carbon dioxide data was 
negatively correlated with both SSA and microporosity. In both bases, methane holding 
capacity showed positive correlation with macroporosity. It is thought that gas holding 
capacity is affected by the presence of moisture blocking access to gas adsorption sites in 
smaller pores. 
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8.5. Controls on gas properties 
 
 Although there existed considerable variation, on average the Renown seam was 
found to have higher total gas content and a higher adsorption capacity than the 
stratigraphically lower Kupakupa seam. Gas content was found to be highest in the non-
banded coal types and lowest in the highly banded coal type. In addition to being the 
predominant coal type in the Renown seam, the bright non-banded coal type represents the 
largest proportion of the coal present in the Renown seam at the Beverland Road site. The 
Beverland Road site has significantly higher gas contents than the other locations. 
 
 Hydrogen content was found to have a good correlation with volatile matter and 
calorific value. These parameters were correlated to gas content in the Renown seam and to a 
much lesser degree in the Kupakupa seam. When a cluster analysis was conducted in both 
seams, measured gas content was clustered with hydrogen, volatile matter, calorific value and 
collodetrinite with the telovitrinite macerals clustered separately. Considered with the coal 
type association, gas appears to be preferentially retained in the matrix-dominated material. 
As vitrain bands were found to have greater porosity and surface area than matrix material, 
possibly the vitrain bands act as conduits or alternately contain more moisture. It is therefore 
thought that gas content in the Huntly coalfield is controlled by (1) accessibility- the 
microbes need to be introduced post coalification, (2) food source- the microbes require a 
food source to generate gas, and (3) preservation- there needs to be storage capacity available 
to hold the gas and a seal to prevent gas migration. These three factors appear to be 
influenced by coal type. 
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 Gas holding capacity was found to be unrelated to gas content. This is because gas 
formation in the Huntly coalfield is generated by a secondary biogenic process, post 
coalification, while gas holding capacity is a physical property of the coal. A series of 
adsorption analyses, representing a full seam intersection, was conducted on the Jasper 1 
Renown seam.  Gas holding capacity has a similar vertical trend to sporinite and inertinite 
content, which only contribute up to 2% and 13% of the total coal composition respectively. 
Cluster analysis grouped adsorption capacity with sporinite, inertodetrinite, funginite and 
vitrodetrinite contents. These macerals are highest in the non-banded coal type and are hence 
indicative of coal texture which is in turn controlled by the original peat vegetation and the 
environment of coal deposition. 
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1.1. Proximate analysis data 
             As Analysed 
Well Canister From To Thick Seam Moisture % 
Ash 
% 
VM 
% 
FC 
% 
CV 
(MJ/kg) 
Sulphur 
% 
TW1 9 338.70 339.20 0.50 Renown 11.6 5.5 36.5 46.4 24.98 0.30 
TW1 10 339.20 339.70 0.50 Renown 12.9 3.8 35.4 47.9 25.02 0.30 
TW1 11 339.70 340.20 0.50 Renown 9.2 2.9 42.0 45.9 26.90 0.30 
TW1 12 340.20 340.70 0.50 Renown   
TW1 13 340.70 341.20 0.50 Renown 12.6 2.8 37.8 46.7 25.37 0.28 
TW1 14 341.20 341.70 0.50 Renown 11.1 3.0 41.3 44.5 26.91 0.38 
TW1 15 341.70 342.20 0.50 Renown 14.0 2.7 36.2 47.1 25.03 0.25 
TW1 16 342.20 342.70 0.50 Renown 12.0 1.8 38.3 47.9 26.34 0.23 
TW1 17 342.70 343.20 0.50 Renown 12.1 1.7 37.6 48.6 25.74 0.21 
TW1 18 343.20 343.70 0.50 Renown 12.3 3.9 35.0 48.8 24.68 0.20 
TW1 19 343.70 344.20 0.50 Renown 12.1 1.6 38.9 47.4 25.94 0.21 
TW1 20 344.20 344.70 0.50 Renown 13.9 1.7 35.9 48.5 25.30 0.22 
TW1 21 344.70 345.20 0.50 Renown 12.6 3.0 37.8 46.6 25.48 0.22 
TW1 22 345.20 345.70 0.50 Renown 12.6 9.0 37.1 41.3 21.82 0.19 
TW1 23 345.70 346.20 0.50 Renown   
TW1 24 346.20 346.70 0.50 Renown 8.4 33.4 29.2 29.0 16.55 0.21 
TW1 25 346.70 347.20 0.50 Kupakupa 10.9 10.7 36.0 42.4 23.49 0.29 
TW1 26 347.20 347.70 0.50 Kupakupa 12.7 5.2 35.4 46.7 24.54 0.24 
TW1 27 347.70 348.20 0.50 Kupakupa 12.7 6.2 35.4 45.7 24.66 0.25 
TW1 28 348.20 348.70 0.50 Kupakupa 15.5 3.4 33.6 47.5 23.99 0.25 
TW1 29 348.70 349.20 0.50 Kupakupa 12.8 5.0 36.1 46.1 24.17 0.23 
TW1 30 349.20 349.70 0.50 Kupakupa 13.5 3.8 35.9 46.8 24.13 0.22 
TW1 31 349.70 350.20 0.50 Kupakupa 13.8 1.6 36.5 48.0 25.48 0.24 
TW1 32 350.20 351.20 1.00 Kupakupa 12.8 2.1 38.4 46.8 25.97 0.26 
TW1 33 351.20 351.70 0.50 Kupakupa 11.2 1.4 39.7 47.7 26.75 0.27 
TW1 34 351.70 352.20 0.50 Kupakupa   
TW1 35 352.20 352.70 0.50 Kupakupa 11.1 4.7 38.1 46.1 24.68 0.25 
TW1 36 352.70 353.39 0.69 Kupakupa 12.3 1.4 36.5 49.7 26.00 0.23 
TW1 37 353.39 354.20 0.81 Kupakupa 11.2 1.5 36.6 50.7 25.99 0.24 
TW1 38 354.20 354.70 0.50 Kupakupa 12.1 1.0 38.0 48.9 26.81 0.29 
TW1 39 354.70 355.20 0.50 Kupakupa 11.4 1.0 37.9 49.7 26.80 0.28 
TW1 40 355.20 355.70 0.50 Kupakupa   
TW1 41 355.70 356.20 0.50 Kupakupa 12.3 1.1 36.7 49.7 26.12 0.27 
TW1 42 356.20 356.70 0.50 Kupakupa 12.1 2.3 36.6 49.0 25.49 0.24 
TW1 43 356.70 357.20 0.50 Kupakupa 12.2 1.2 37.8 48.9 26.94 0.25 
TW1 44 357.20 357.70 0.50 Kupakupa 12.2 1.0 41.7 45.1 27.91 0.23 
TW1 45 357.70 358.20 0.50 Kupakupa 12.5 12.5 37.4 48.5 26.55 0.25 
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            As Analysed 
Well Canister From To Thick Seam Moisture % 
Ash 
% 
VM 
% FC % 
CV 
(MJ/kg) 
Sulphur 
% 
Ruawaro 1 A3 387.40 387.90 0.50 Ngaro 21.6 2.5 32.6 43.3 22.71 0.28 
Ruawaro 1 A2 387.90 388.28 0.38 Ngaro 19.8 3.1 36.1 41.0 23.96 0.27 
Ruawaro 1 A6 396.48 397.01 0.53 Renown 13.9 2.9 46.0 37.2 27.02 0.39 
Ruawaro 1 A5 397.01 397.56 0.55 Renown 17.6 3.5 38.6 40.3 24.45 0.36 
Ruawaro 1 A4 397.56 398.05 0.49 Renown 17.5 8.6 34.5 39.4 22.87 0.38 
Ruawaro 1 A7 398.05 398.45 0.40 Renown 10.1 66.9 15.3 7.7 4.77 0.08 
Ruawaro 1 A8 400.91 401.45 0.54 Renown 20.2 3.1 36.0 40.7 23.68 0.30 
Ruawaro 1 A9 401.45 401.90 0.45 Renown 19.0 5.7 36.7 38.6 23.31 0.30 
Ruawaro 1 A10 402.45 402.95 0.50 Renown 18.1 4.5 37.6 39.8 23.71 0.31 
Ruawaro 1 A11 402.95 403.45 0.50 Renown 18.3 7.4 36.0 38.3 22.84 0.34 
Ruawaro 1 A12 406.41 406.73 0.32 Renown 11.2 62.2 17.3 9.3 5.37 0.15 
Ruawaro 1 A16 417.61 417.95 0.34 Kupakupa 18.7 2.9 36.5 41.9 24.10 0.46 
Ruawaro 1 A15 417.95 418.45 0.50 Kupakupa 19.4 3.2 33.9 43.5 23.57 0.35 
Ruawaro 1 A14 418.45 418.95 0.50 Kupakupa 19.1 2.6 35.1 43.2 23.60 0.33 
Ruawaro 1 A13 418.95 419.45 0.50 Kupakupa 17.8 1.6 37.4 43.2 24.72 0.26 
Ruawaro 1 A17 419.73 420.25 0.52 Kupakupa 19.4 1.5 36.1 43.0 24.15 0.23 
Ruawaro 1 A18 420.25 420.80 0.55 Kupakupa 18.0 1.3 37.3 43.4 24.82 0.26 
Ruawaro 1 A19 420.80 421.35 0.55 Kupakupa 19.2 1.6 35.0 44.2 24.08 0.25 
Ruawaro 1 A20 421.35 421.85 0.50 Kupakupa 17.3 1.2 38.7 42.8 25.26 0.25 
Ruawaro 1 A21 421.85 422.35 0.50 Kupakupa 19.3 1.4 35.8 43.5 24.33 0.23 
Ruawaro 1 A22 422.45 422.95 0.50 Kupakupa 17.6 1.4 37.6 43.4 25.16 0.21 
Ruawaro 1 A23 422.95 423.45 0.50 Kupakupa 19.6 1.5 35.2 43.7 23.82 0.22 
Ruawaro 1 A24 423.45 423.95 0.50 Kupakupa 21.0 2.0 33.2 43.8 23.53 0.22 
Ruawaro 1 A25 423.95 424.45 0.50 Kupakupa 20.1 1.6 35.7 42.6 23.93 0.29 
Ruawaro 1 A26 424.45 424.95 0.50 Kupakupa 19.4 1.7 35.6 43.3 24.30 0.31 
Ruawaro 1 A27 430.40 430.80 0.40 Kupakupa 20.5 4.2 29.9 45.4 23.00 0.68 
Ruawaro 2 B1 433.38 433.93 0.55 Renown 18.7 3.0 37.5 40.8 23.96 0.25 
Ruawaro 2 B2 433.94 434.34 0.40 Renown 18.7 11.1 32.8 37.4 21.33 0.22 
Ruawaro 2 B3 434.34 434.84 0.50 Renown 20.2 2.0 33.7 44.1 23.28 0.24 
Ruawaro 2 B4 434.84 435.34 0.50 Renown 20.6 1.9 34.0 43.5 23.16 0.22 
Ruawaro 2 B5 435.34 435.84 0.50 Renown 20.8 2.1 36.1 41.0 23.24 0.21 
Ruawaro 2 B6 435.84 436.19 0.35 Renown 20.8 2.1 35.4 41.7 23.29 0.21 
Ruawaro 2 B7 436.19 436.69 0.50 Renown 19.0 2.1 36.2 42.7 23.69 0.22 
Ruawaro 2 B8 436.69 437.19 0.50 Renown 18.8 2.0 36.2 43.0 23.90 0.22 
Ruawaro 2 B9 437.19 437.69 0.50 Renown 21.1 1.9 34.2 42.8 23.09 0.21 
Ruawaro 2 B10 437.69 438.19 0.50 Renown 19.7 2.3 36.4 41.6 23.86 0.21 
Ruawaro 2 B11 438.19 438.69 0.50 Renown 18.1 11.3 33.4 37.2 21.46 0.20 
Ruawaro 2 B12 438.69 439.19 0.50 Renown 25.8 4.7 31.3 38.2 20.76 0.22 
Ruawaro 2 B13 439.19 439.69 0.50 Renown 23.2 3.3 32.9 40.6 22.24 0.27 
Ruawaro 2 B14 439.69 440.19 0.50 Renown 21.9 2.8 33.3 42.0 23.08 0.28 
Ruawaro 2 B15 440.19 440.49 0.30 Renown 18.0 31.2 25.7 25.1 15.25 0.29 
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             As Analysed 
Well Canister From To Thick Seam Moisture % Ash % VM % FC % 
CV 
(MJ/kg) 
Sulphur 
% 
Ruawaro 2 B16 458.20 458.70 0.50 Kupakupa 17.9 2.4 37.3 42.4 24.73 0.24 
Ruawaro 2 B17 458.70 459.20 0.50 Kupakupa 18.7 2.0 35.4 43.9 24.25 0.22 
Ruawaro 2 B18 459.20 459.70 0.50 Kupakupa 18.4 2.1 36.4 43.1 24.50 0.22 
Ruawaro 2 B19 459.70 460.20 0.50 Kupakupa 20.1 1.6 33.8 44.5 23.93 0.19 
Ruawaro 2 B20 460.20 460.70 0.50 Kupakupa 20.1 1.6 35.5 42.8 23.59 0.19 
Ruawaro 2 B21 460.70 461.20 0.50 Kupakupa 19.0 1.6 35.9 43.5 24.18 0.20 
Ruawaro 2 B22 461.20 461.70 0.50 Kupakupa 16.6 1.4 39.8 42.2 25.90 0.23 
Ruawaro 2 B23 461.70 462.25 0.55 Kupakupa 16.2 1.4 41.0 41.4 26.24 0.22 
Ruawaro 2 B24 462.30 462.85 0.55 Kupakupa 18.1 1.6 37.5 42.8 24.93 0.20 
Ruawaro 2 B25 462.85 463.40 0.55 Kupakupa 17.8 1.8 38.7 41.7 25.34 0.21 
Ruawaro 2 B26 463.43 464.03 0.60 Kupakupa 19.7 6.3 35.9 38.1 23.04 0.33 
Rotongaro 1 C1 428.39 428.89 0.55 Ngaro 21.2 27.5 25.0 26.3 15.57 0.35 
Rotongaro 1 C2 434.90 435.40 0.50 Renown 18.9 4.5 36.1 40.5 22.91 0.35 
Rotongaro 1 C3 435.40 435.90 0.50 Renown 21.4 2.1 35.6 40.9 22.86 0.23 
Rotongaro 1 C4 435.90 436.40 0.50 Renown 19.0 5.2 36.1 39.7 23.06 0.26 
Rotongaro 1 C5 436.40 437.06 0.66 Renown 20.3 13.2 33.7 32.8 20.05 0.25 
Rotongaro 1 C6 447.34 447.84 0.50 Kupakupa 18.5 9.8 34.3 37.4 21.30 0.28 
Rotongaro 1 C7 447.89 448.39 0.50 Kupakupa 21.1 2.4 33.6 42.9 22.80 0.23 
Rotongaro 1 C8 448.39 448.89 0.50 Kupakupa 21.1 2.7 33.1 43.1 22.50 0.22 
Rotongaro 1 C9 448.89 449.29 0.40 Kupakupa 20.0 2.5 35.8 41.7 23.34 0.20 
Rotongaro 1 C10 449.36 449.96 0.60 Kupakupa 20.9 1.7 35.7 41.7 23.28 0.19 
Rotongaro 1 C11 449.96 450.46 0.50 Kupakupa 17.6 1.8 40.4 40.2 24.81 0.19 
Rotongaro 1 C12 450.46 450.96 0.50 Kupakupa 15.7 4.0 42.8 37.5 25.45 0.22 
Rotongaro 1 C13 450.96 451.46 0.50 Kupakupa 18.8 2.7 37.9 40.6 23.84 0.20 
Rotongaro 1 C14 452.40 452.90 0.50 Kupakupa 20.1 1.6 35.6 42.7 23.40 0.19 
Rotongaro 1 C15 452.90 453.40 0.50 Kupakupa 19.3 1.4 36.5 42.8 23.94 0.21 
Rotongaro 1 C16 453.40 453.90 0.50 Kupakupa 18.8 1.3 38.0 41.9 24.35 0.21 
Rotongaro 1 C17 453.90 454.40 0.50 Kupakupa 19.4 1.6 35.6 43.4 23.64 0.20 
Rotongaro 1 C18 454.40 454.90 0.50 Kupakupa 20.0 1.6 36.0 42.4 23.55 0.17 
Rotongaro 1 C19 454.90 455.40 0.50 Kupakupa 19.5 1.7 36.1 42.7 23.66 0.17 
Rotongaro 1 C20 455.40 455.90 0.50 Kupakupa 19.6 1.4 36.4 42.6 23.81 0.20 
Rotongaro 1 C21 455.90 456.40 0.50 Kupakupa 18.3 1.6 37.4 42.7 24.10 0.20 
Rotongaro 1 C22 456.40 456.90 0.50 Kupakupa 20.8 1.4 35.1 42.7 23.53 0.20 
Rotongaro 1 C23 456.90 457.40 0.50 Kupakupa 19.0 1.4 37.8 41.8 24.24 0.21 
Rotongaro 1 C24 457.40 457.90 0.50 Kupakupa 19.6 1.5 36.4 42.5 23.76 0.21 
Rotongaro 1 C25 457.90 458.40 0.50 Kupakupa 19.4 1.4 37.9 41.3 24.15 0.22 
Rotongaro 1 C26 458.40 459.00 0.60 Kupakupa 18.7 1.9 37.8 41.6 24.42 0.26 
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 As Analysed 
Well Canister From To Thick Seam Moisture % Ash % VM % FC % 
CV 
(MJ/kg) 
Sulphur 
% 
Mangapiko 1 D1 482.35 482.85 0.50 Renown 17.5 24.4 29.1 29.0 17.72 0.29 
Mangapiko 1 D2 482.85 483.35 0.50 Renown 15.1 38.9 21.8 24.2 13.57 0.16 
Mangapiko 1 D3 483.35 483.85 0.50 Renown 19.9 2.9 35.6 41.6 23.30 0.25 
Mangapiko 1 D4 483.85 484.35 0.50 Renown 20.2 2.7 34.4 42.7 23.02 0.25 
Mangapiko 1 D5 484.35 484.85 0.50 Renown 19.1 4.4 35.7 40.8 23.29 0.22 
Mangapiko 1 D6 484.85 485.25 0.40 Renown 19.0 2.4 37.2 41.4 24.06 0.24 
Mangapiko 1 D7 485.30 485.80 0.50 Renown 19.2 2.7 36.9 41.2 24.15 0.25 
Mangapiko 1 D8 485.80 486.30 0.50 Renown 18.8 2.2 38.1 40.9 24.16 0.24 
Mangapiko 1 D9 486.30 486.80 0.50 Renown 20.6 2.1 35.7 41.6 23.52 0.25 
Mangapiko 1 D10 486.90 487.30 0.40 Renown 21.2 3.5 34.8 40.5 22.84 0.29 
Mangapiko 1 D11 512.10 512.60 0.50 Kupakupa 20.9 1.5 35.6 42.0 23.64 0.32 
Mangapiko 1 D12 512.60 513.10 0.50 Kupakupa 28.4 1.8 32.4 37.4 21.15 0.22 
Mangapiko 1 D13 513.10 513.60 0.50 Kupakupa 21.5 1.6 36.1 40.8 23.42 0.23 
Mangapiko 1 D14 513.60 514.10 0.50 Kupakupa 21.9 1.6 35.8 40.7 23.33 0.23 
Mangapiko 1 D15 514.40 514.90 0.50 Kupakupa 20.2 1.4 38.0 40.4 24.21 0.26 
Mangapiko 1 D16 514.90 515.40 0.50 Kupakupa 19.5 1.5 38.1 40.9 24.39 0.24 
Mangapiko 1 D17 515.40 515.90 0.50 Kupakupa 18.9 1.6 39.6 39.9 24.80 0.22 
Mangapiko 1 D18 515.90 516.40 0.50 Kupakupa 19.9 1.6 38.5 40.0 24.25 0.24 
Mangapiko 1 D19 516.40 516.95 0.55 Kupakupa 20.4 3.0 37.7 38.9 24.02 0.30 
Mangapiko 1 D20 516.95 517.50 0.55 Kupakupa 18.7 14.0 35.8 31.5 20.65 0.37 
Baco 1 Ba1 427.90 428.45 0.55 Renown 17.4 3.3 35.9 43.4 24.30 0.30 
Baco 1 Ba2 428.45 429.00 0.55 Renown 16.7 2.4 37.5 43.4 24.86 0.24 
Baco 1 Ba3 429.00 429.50 0.50 Renown 15.8 2.9 37.7 43.6 24.80 0.23 
Baco 1 Ba4 429.50 430.00 0.50 Renown 15.4 2.5 38.3 43.8 25.11 0.23 
Baco 1 Ba5 430.00 430.50 0.50 Renown 16.3 2.2 36.0 45.5 24.60 0.23 
Baco 1 Ba6 430.50 431.00 0.50 Renown 15.6 2.2 37.6 44.6 25.01 0.25 
Jasper 1 J1 407.81 408.31 0.50 Renown 6.8 40.9 26.5 25.8 15.06 0.17 
Jasper 1 J2 408.31 408.81 0.50 Renown 11.1 9.0 37.7 42.2 22.96 0.24 
Jasper 1 J3 408.81 409.31 0.50 Renown 11.0 4.2 40.6 44.2 25.53 0.24 
Jasper 1 J4 409.31 409.81 0.50 Renown 13.2 4.9 36.9 45.0 24.52 0.23 
Jasper 1 J5 410.00 410.35 0.35 Renown 11.7 3.7 39.0 45.6 25.32 0.21 
Jasper 1 J6 410.35 410.85 0.50 Renown 12.3 2.6 39.3 45.8 25.65 0.19 
Jasper 1 J7 410.85 411.35 0.50 Renown 11.4 2.7 40.7 45.2 26.10 0.19 
Jasper 1 J8 411.35 411.85 0.50 Renown 11.3 2.6 39.3 46.8 25.96 0.19 
Jasper 1 J9 412.00 412.50 0.50 Renown 11.6 2.3 39.7 46.4 26.10 0.20 
Jasper 1 J10 412.50 413.00 0.50 Renown 11.8 2.4 38.1 47.7 25.68 0.23 
Jasper 1 J11 413.00 413.55 0.55 Renown 11.6 5.2 37.3 45.9 24.76 0.25 
Jasper 1 J12 413.55 414.02 0.47 Renown 6.1 64.4 18.0 11.5 6.65 0.11 
Jasper 1 J13 414.02 414.40 0.38 Renown 3.9 69.2 16.2 10.7 5.85 0.12 
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             As Analysed 
Well Canister From To Thick Seam Moisture % Ash % VM % FC % 
CV 
(MJ/kg) 
Sulphur 
% 
Mimi 1 M1 407.45 407.95 0.50 Renown 15.1 3.5 37.2 44.2 24.64 0.26 
Mimi 1 M2 407.95 408.45 0.50 Renown 15.1 2.2 39.0 43.7 25.37 0.25 
Mimi 1 M3 408.45 408.98 0.53 Renown 16.9 4.1 35.2 43.8 23.66 0.23 
Mimi 1 M4 409.03 409.58 0.55 Renown 15.8 6.1 35.3 42.8 23.29 0.22 
Mimi 1 M5 409.58 410.13 0.55 Renown 15.0 4.6 37.7 42.7 23.88 0.20 
Mimi 1 M6 410.13 410.63 0.50 Renown 14.9 3.4 38.3 43.4 24.51 0.20 
Mimi 1 M7 410.63 411.13 0.50 Renown 12.6 2.7 38.8 45.9 25.49 0.21 
Mimi 1 M8 411.13 411.63 0.50 Renown 12.3 2.4 38.2 47.1 25.57 0.21 
Mimi 1 M9 411.63 412.13 0.50 Renown 12.7 2.3 38.5 46.5 25.62 0.22 
Mimi 1 M10 412.18 412.83 0.65 Renown 13.7 2.6 37.2 46.5 25.10 0.25 
Mimi 1 M11 412.83 413.48 0.65 Renown 12.1 10.8 36.1 41.0 23.45 0.31 
Mimi 1 M12 413.58 414.08 0.50 Renown 4.6 64.3 17.8 13.3 7.20 0.14 
 
VM = Volatile matter, FC = Fixed carbon, CV = Calorific value. 
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1.2. Ash constituents  
        XRF 
Well Can Seam Mid-point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 Total 
TW1 9 R 338.95 58.70 15.07 2.90 8.23 1.43 2.85 0.78 0.90 0.01 6.05 0.05 96.97 
TW1 10 R 339.45 41.23 14.75 6.74 13.24 2.31 4.30 0.44 2.45 0.01 11.64 0.04 97.15 
TW1 11 R 339.95 18.82 21.25 5.80 21.37 2.84 5.56 0.26 5.17 0.01 15.08 0.05 96.21 
TW1 12 R 340.45 7.61 25.86 7.12 27.31 3.86 6.81 0.25 1.55 0.01 14.65 0.06 95.09 
TW1 13 R 340.95 10.23 23.75 6.03 29.22 2.94 5.46 0.22 2.93 0.01 14.80 0.09 95.68 
TW1 14 R 341.45 15.36 22.08 4.94 22.39 2.63 4.93 0.58 6.91 0.01 16.23 0.07 96.13 
TW1 15 R 341.95 9.51 17.47 5.89 34.45 4.89 6.39 0.25 0.24 0.01 15.56 0.07 94.73 
TW1 16 R 342.45 4.71 13.89 7.05 33.89 6.13 8.41 0.31 0.35 0.01 19.80 0.04 94.59 
TW1 17 R 342.95 2.39 11.83 6.22 34.91 5.86 9.19 0.28 0.30 0.01 21.14 0.03 92.16 
TW1 18 R 343.45 4.78 3.98 8.76 51.90 16.58 3.37 0.24 0.31 0.01 8.40 0.01 98.34 
TW1 19 R 343.95 4.28 12.34 7.88 35.25 6.52 7.92 0.73 0.47 0.01 19.20 0.06 94.66 
TW1 20 R 344.45 1.03 17.04 7.64 33.22 6.58 8.08 0.21 0.28 <0.01 19.29 0.03 93.40 
TW1 21 R 344.95 5.20 13.22 4.94 46.54 5.57 5.79 0.21 0.47 0.02 13.63 0.03 95.62 
TW1 22 R 345.45 3.68 4.68 4.94 74.69 5.64 1.24 0.17 0.12 0.05 4.69 0.03 99.93 
TW1 23 R 345.95 17.83 22.63 4.48 31.86 3.67 4.42 0.21 0.53 0.01 9.80 0.37 95.81 
TW1 24 R 346.45 57.10 31.79 1.23 1.60 0.47 0.62 0.48 3.47 <0.01 0.92 0.06 97.74 
TW1 25 KK 346.95 47.73 27.55 1.94 7.29 1.57 1.98 0.32 4.66 <0.01 4.44 0.22 97.70 
TW1 26 KK 347.45 27.95 28.85 2.88 18.41 4.74 3.50 0.37 0.69 <0.01 9.02 0.41 96.82 
TW1 27 KK 347.95 39.96 25.95 1.98 7.83 1.38 2.45 0.33 11.20 <0.01 5.71 0.26 97.05 
TW1 28 KK 348.45 26.73 31.51 2.58 14.01 2.55 4.70 0.17 1.95 <0.01 12.47 0.33 97.01 
TW1 29 KK 348.95 9.30 10.76 5.48 52.83 7.64 2.06 0.14 1.51 0.02 7.84 1.29 98.87 
TW1 30 KK 349.45 5.01 10.92 6.06 57.72 6.64 2.56 0.22 0.59 0.02 9.49 0.03 99.26 
TW1 31 KK 349.95 3.31 25.43 3.78 27.84 4.24 7.07 0.21 1.40 <0.01 20.12 0.05 93.45 
TW1 32 KK 350.70 1.75 16.65 4.75 30.41 4.88 5.65 0.21 12.45 0.01 18.47 0.06 95.29 
TW1 33 KK 351.45 1.74 20.81 5.08 28.42 3.98 7.74 1.01 1.88 <0.01 23.31 0.02 94.00 
TW1 34 KK 351.95 0.79 10.30 6.61 33.83 4.67 8.11 0.38 0.32 0.01 26.52 0.04 91.58 
TW1 35 KK 352.45 0.96 0.94 6.77 71.01 10.99 1.00 0.09 0.06 0.03 6.54 0.01 98.40 
TW1 36 KK 353.05 0.79 0.68 11.31 42.00 4.77 7.53 0.25 0.22 0.02 25.38 0.03 92.98 
TW1 37 KK 353.80 4.27 1.40 12.42 33.86 6.07 7.90 0.44 0.17 0.01 25.49 0.04 92.07 
TW1 38 KK 354.45 1.65 2.18 12.13 29.68 4.74 9.11 0.32 0.38 0.01 30.11 0.03 90.34 
TW1 39 KK 354.95 2.37 1.86 9.08 31.54 4.46 9.13 0.33 0.29 0.01 31.82 0.03 90.92 
TW1 40 KK 355.45 3.35 3.63 17.29 36.82 11.94 3.85 0.15 0.17 0.02 18.49 0.08 95.79 
TW1 41 KK 355.95 3.80 2.02 9.05 32.05 5.02 8.49 0.37 0.18 0.01 30.89 0.04 91.92 
TW1 42 KK 356.45 3.15 1.98 12.18 46.21 12.94 3.57 0.36 0.13 0.01 16.71 0.03 97.27 
TW1 43 KK 356.95 2.54 3.79 10.80 31.45 5.20 8.52 0.35 0.49 0.01 27.01 0.05 90.21 
TW1 44 KK 357.45 0.78 6.32 10.89 31.39 6.08 7.48 0.50 0.67 0.01 25.75 0.04 89.91 
TW1 45 KK 357.95 7.35 24.14 3.75 22.46 1.88 6.36 0.33 10.70 0.01 15.53 0.08 92.60 
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        XRF 
Well Can Seam Mid-point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 Total 
Ru 1 A3 N 387.65 4.05 4.78 25.42 25.34 4.53 8.97 0.19 0.29 0.27 21.11 0.06 95.01 
Ru 1 A2 N 388.09 52.13 7.45 4.88 15.05 2.38 5.54 0.18 0.60 0.02 8.93 0.03 97.19 
Ru 1 A6 R 396.75 11.43 18.99 6.88 29.34 3.42 5.79 0.17 1.68 0.02 18.01 0.32 96.05 
Ru 1 A5 R 397.29 25.46 17.32 5.92 22.77 3.18 5.68 0.19 0.75 0.01 15.83 0.03 97.14 
Ru 1 A4 R 397.81 47.69 31.95 2.48 8.01 1.17 1.82 0.52 3.96 <0.01 1.33 0.18 99.11 
Ru 1 A7 R 398.25 64.29 29.18 1.76 0.57 0.54 0.25 0.64 1.82 <0.01 <0.01 0.03 99.08 
Ru 1 A8 R 401.18 21.34 26.12 4.17 19.40 2.41 5.20 0.23 0.68 <0.01 11.46 4.41 95.42 
Ru 1 A9 R 401.68 33.51 30.32 2.56 12.05 1.33 2.70 0.23 3.01 <0.01 5.61 5.25 96.57 
Ru 1 A10 R 402.70 27.58 28.29 3.29 16.19 1.83 3.35 0.19 0.66 <0.01 8.21 6.08 95.67 
Ru 1 A11 R 403.20 32.35 32.10 2.88 12.98 1.55 2.66 0.35 1.27 <0.01 5.33 4.90 96.37 
Ru 1 A12 R 406.57 59.11 33.04 2.08 0.52 0.72 0.20 1.40 1.97 <0.01 <0.01 0.03 99.07 
Ru 1 A16 KK 417.78 23.02 26.13 4.42 18.54 2.12 4.31 0.24 0.85 <0.01 15.29 1.79 96.71 
Ru 1 A15 KK 418.20 23.39 22.65 5.10 20.67 2.21 4.60 0.16 3.32 <0.01 14.67 0.06 96.83 
Ru 1 A14 KK 418.70 10.02 19.11 6.72 28.47 3.27 5.65 0.20 1.51 0.01 20.64 0.01 95.61 
Ru 1 A13 KK 419.20 2.34 2.38 11.82 38.63 3.95 5.95 0.15 0.27 0.01 26.05 0.01 91.56 
Ru 1 A17 KK 419.99 3.76 1.56 13.42 36.48 4.07 6.89 0.22 0.27 0.01 24.85 0.02 91.55 
Ru 1 A18 KK 420.53 1.74 0.85 13.50 36.72 3.23 6.10 0.16 0.09 0.01 27.83 0.02 90.25 
Ru 1 A19 KK 421.08 1.82 0.63 12.80 44.37 3.68 5.99 0.19 0.09 0.01 23.37 0.01 92.96 
Ru 1 A20 KK 421.60 2.53 0.86 13.62 35.02 2.83 7.15 0.21 0.10 0.01 28.01 0.02 90.36 
Ru 1 A21 KK 422.10 2.35 0.79 12.52 39.43 3.16 6.78 0.22 0.07 0.01 25.41 0.02 90.76 
Ru 1 A22 KK 422.70 3.16 1.96 15.22 38.90 2.75 6.26 0.19 0.21 0.03 21.37 0.03 90.08 
Ru 1 A23 KK 423.20 1.06 0.68 14.16 40.02 3.15 6.45 0.17 0.06 0.02 24.84 0.02 90.63 
Ru 1 A24 KK 423.70 1.87 0.81 26.72 31.72 4.73 5.34 0.16 0.07 0.06 21.12 0.12 92.72 
Ru 1 A25 KK 424.20 1.39 4.54 8.80 39.24 2.29 6.08 0.17 0.10 0.03 28.92 0.02 91.58 
Ru 1 A26 KK 424.70 0.67 7.37 7.57 36.51 1.96 5.98 0.15 0.08 0.02 31.74 0.01 92.06 
Ru 1 A27 KK 430.60 48.27 32.53 2.60 6.97 0.54 1.93 0.76 1.09 <0.01 2.06 0.45 97.20 
Ru 2 B1 R 433.66 75.26 7.22 1.97 5.17 0.93 1.99 0.39 0.53 <0.01 3.26 0.02 96.74 
Ru 2 B2 R 434.14 71.19 8.49 1.98 6.50 1.07 2.45 0.26 0.25 <0.01 3.96 0.76 96.91 
Ru 2 B3 R 434.59 4.09 5.38 9.46 35.00 6.22 10.08 0.22 0.29 0.01 22.82 0.02 93.59 
Ru 2 B4 R 435.09 2.70 3.45 10.16 36.06 6.27 10.63 0.27 0.57 0.01 23.00 0.01 93.13 
Ru 2 B5 R 435.59 8.22 4.38 8.78 33.50 5.75 9.90 0.37 0.24 0.01 23.47 0.02 94.64 
Ru 2 B6 R 436.02 12.90 3.45 9.50 34.31 5.96 9.50 0.30 0.30 0.01 18.19 0.02 94.44 
Ru 2 B7 R 436.44 7.55 3.20 10.07 33.69 5.60 9.26 0.50 0.25 0.01 23.45 0.04 93.62 
Ru 2 B8 R 436.94 0.96 6.35 8.56 37.66 6.29 10.09 0.30 0.25 0.01 22.61 0.01 93.09 
Ru 2 B9 R 437.44 3.59 2.66 10.29 38.22 6.77 9.50 0.21 0.16 0.01 21.48 0.02 92.91 
Ru 2 B10 R 437.94 4.25 14.32 8.80 33.05 5.38 9.22 0.21 0.15 0.01 19.09 0.01 94.49 
Ru 2 B11 R 438.44 72.60 4.95 2.18 8.33 1.32 2.69 0.18 0.58 <0.01 3.71 0.01 96.55 
Ru 2 B12 R 438.94 64.04 9.16 2.40 9.78 1.68 4.16 0.23 0.47 <0.01 5.27 0.19 97.38 
Ru 2 B13 R 439.44 40.05 16.37 4.10 16.06 2.42 6.52 0.26 0.53 <0.01 11.10 0.02 97.43 
Ru 2 B14 R 439.94 26.53 18.32 4.49 19.89 2.76 8.36 0.31 1.35 <0.01 14.52 0.14 96.67 
Ru 2 B15 R 440.34 62.97 27.64 1.90 1.19 0.68 0.61 0.97 1.98 <0.01 0.17 0.03 98.14 
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        XRF 
Well Can Seam Mid-point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 Total 
Ru 2 B16 KK 458.45 46.59 0.74 9.10 21.18 2.34 7.52 0.20 0.05 <0.01 7.76 0.01 95.49 
Ru 2 B17 KK 458.95 31.83 1.25 10.44 25.39 2.78 8.42 0.24 0.10 0.01 13.84 0.01 94.31 
Ru 2 B18 KK 459.45 35.60 0.89 10.93 24.42 2.57 7.85 0.46 0.07 0.01 11.86 0.01 94.67 
Ru 2 B19 KK 459.95 6.38 0.93 15.87 32.43 3.63 10.16 0.26 0.07 0.01 20.97 0.02 90.73 
Ru 2 B20 KK 460.45 8.83 1.91 11.97 37.61 3.97 8.91 0.24 0.12 0.01 18.34 0.01 91.92 
Ru 2 B21 KK 460.95 4.95 1.07 12.15 38.91 3.86 8.60 0.17 0.11 0.01 21.71 0.01 91.55 
Ru 2 B22 KK 461.45 1.59 0.89 15.08 36.03 3.11 8.07 0.23 0.09 0.01 25.67 0.02 90.79 
Ru 2 B23 KK 461.98 1.64 1.34 14.78 36.53 2.62 7.57 0.18 0.12 0.01 25.82 0.02 90.63 
Ru 2 B24 KK 462.58 4.25 4.27 10.59 40.65 3.03 6.52 0.13 1.34 0.01 20.15 0.01 90.95 
Ru 2 B25 KK 463.13 4.03 12.01 8.92 34.64 2.17 8.21 0.28 0.57 0.01 20.24 0.02 91.10 
Ru 2 B26 KK 463.73 14.20 31.50 2.50 17.60 0.55 2.51 0.11 6.25 <0.01 4.21 15.30 94.72 
Ro 1 C1 N 428.64 94.93 1.23 0.35 1.38 0.20 0.53 0.00 0.33 0.00 0.75 0.10 99.81 
Ro 1 C2 R 435.15 30.95 24.19 4.87 18.07 2.89 5.04 1.35 1.08 0.01 9.33 0.05 97.83 
Ro 1 C3 R 435.65 7.99 1.78 8.70 37.65 5.45 8.92 0.28 0.12 0.02 22.23 0.01 93.15 
Ro 1 C4 R 436.15 37.16 30.33 2.66 12.04 1.49 3.24 0.34 3.76 <0.01 4.99 1.69 97.70 
Ro 1 C5 R 436.73 40.94 21.45 2.74 14.07 1.66 3.45 0.22 5.00 <0.01 6.63 1.41 97.57 
Ro 1 C6 KK 447.59 38.49 31.34 2.39 11.31 1.37 2.46 0.20 2.62 <0.01 5.62 1.76 97.56 
Ro 1 C7 KK 448.14 50.56 7.29 2.99 13.63 1.72 3.28 0.13 12.36 0.01 5.27 0.09 97.33 
Ro 1 C8 KK 448.64 14.96 25.26 4.90 26.36 3.47 5.88 0.18 0.87 <0.01 14.70 0.02 96.60 
Ro 1 C9 KK 449.09 19.75 25.82 4.56 23.65 2.90 4.74 0.16 2.06 <0.01 12.83 0.28 96.75 
Ro 1 C10 KK 449.66 2.44 5.89 14.77 35.30 5.92 7.06 0.19 0.46 0.02 20.86 0.01 92.92 
Ro 1 C11 KK 450.21 2.95 10.14 7.87 39.29 4.83 6.45 0.25 1.36 0.01 19.95 0.01 93.11 
Ro 1 C12 KK 450.71 21.71 15.36 4.20 22.93 2.39 3.98 0.14 17.57 0.01 8.62 0.10 97.01 
Ro 1 C13 KK 451.21 6.37 15.16 5.33 28.32 3.16 5.13 0.18 17.22 0.01 14.82 0.07 95.77 
Ro 1 C14 KK 452.65 0.22 0.64 19.20 36.20 5.84 6.33 0.15 0.13 0.02 23.94 0.01 92.68 
Ro 1 C15 KK 453.15 0.75 0.82 12.84 44.45 4.71 7.12 0.25 0.16 0.01 22.62 0.01 93.74 
Ro 1 C16 KK 453.65 0.38 0.51 12.59 41.17 4.16 7.10 0.29 0.19 0.01 24.06 0.01 90.47 
Ro 1 C17 KK 454.15 0.66 0.89 12.18 45.89 4.36 6.92 0.24 0.38 0.01 22.29 0.01 93.83 
Ro 1 C18 KK 454.65 0.50 0.63 12.34 47.89 4.35 6.63 0.22 0.09 0.02 21.32 0.01 94.00 
Ro 1 C19 KK 455.15 0.76 0.90 11.81 48.43 4.32 6.98 0.25 0.10 0.02 20.87 0.01 94.45 
Ro 1 C20 KK 455.65 1.55 0.62 11.63 39.77 3.49 6.53 0.17 0.08 0.01 27.13 0.02 91.00 
Ro 1 C21 KK 456.15 0.80 0.66 10.94 47.55 3.84 5.91 0.17 0.10 0.01 24.67 0.01 94.66 
Ro 1 C22 KK 456.65 2.15 0.83 15.52 38.95 4.14 6.45 0.20 0.10 0.02 22.36 0.01 90.73 
Ro 1 C23 KK 457.15 0.06 1.15 11.29 46.89 3.28 6.13 0.19 0.20 0.02 24.70 0.01 93.92 
Ro 1 C24 KK 457.65 0.15 1.64 10.86 46.94 3.22 5.94 0.15 0.19 0.02 24.90 0.01 94.02 
Ro 1 C25 KK 458.15 0.33 1.73 9.86 47.54 3.00 5.87 0.14 0.15 0.03 25.55 0.01 94.21 
Ro 1 C26 KK 458.70 1.53 22.67 5.38 36.45 1.51 5.42 0.20 0.87 0.03 19.48 0.02 93.56 
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        XRF 
Well Can Seam Mid-point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 Total 
Ma 1 D1 R 482.60 78.01 10.64 0.92 2.76 0.56 0.89 0.49 2.97 <0.01 0.88 0.02 98.14 
Ma 1 D2 R 483.10 90.03 1.49 1.07 2.23 0.39 0.50 0.23 0.19 <0.01 0.99 <0.01 97.12 
Ma 1 D3 R 483.60 16.37 5.03 7.34 31.25 6.87 9.23 0.23 0.38 0.01 18.34 0.01 95.06 
Ma 1 D4 R 484.10 26.69 2.15 7.69 27.65 6.29 8.65 0.24 0.30 0.01 16.08 0.01 95.76 
Ma 1 D5 R 484.60 42.57 1.72 6.96 22.49 4.87 6.80 0.33 0.39 <0.01 10.46 <0.01 96.59 
Ma 1 D6 R 485.05 16.62 6.61 7.14 29.23 5.78 8.40 0.26 2.72 <0.01 18.41 0.01 95.18 
Ma 1 D7 R 485.55 22.60 8.35 6.13 26.36 5.12 8.08 0.33 3.79 <0.01 14.52 0.01 95.29 
Ma 1 D8 R 486.05 12.83 10.19 6.35 31.48 6.03 8.03 0.22 1.66 <0.01 17.57 0.01 94.37 
Ma 1 D9 R 486.55 7.00 13.39 5.84 28.78 5.43 8.39 0.25 1.95 <0.01 24.30 0.01 95.34 
Ma 1 D10 R 487.10 23.64 17.95 4.01 20.66 3.61 5.76 0.28 2.82 <0.01 15.97 1.85 96.55 
Ma 1 D11 KK 512.35 18.00 14.56 8.06 23.72 3.04 5.66 0.34 2.84 0.01 18.90 0.08 95.21 
Ma 1 D12 KK 512.85 4.47 2.52 10.63 37.81 4.59 7.30 0.27 0.26 0.01 26.19 0.04 94.08 
Ma 1 D13 KK 513.35 2.06 1.44 12.46 39.87 4.47 7.00 0.25 0.11 0.03 26.75 0.01 94.45 
Ma 1 D14 KK 513.85 1.54 1.28 12.84 36.15 4.34 7.50 0.28 0.09 0.03 27.48 0.01 91.54 
Ma 1 D15 KK 514.65 0.91 0.77 13.97 35.61 3.41 7.42 0.25 0.07 0.03 27.89 0.03 90.36 
Ma 1 D16 KK 515.15 1.29 1.41 12.33 43.41 3.50 5.53 0.22 0.12 0.05 26.95 0.02 94.83 
Ma 1 D17 KK 515.65 1.92 3.24 11.24 37.46 2.99 6.30 0.24 0.17 0.05 27.36 0.01 90.98 
Ma 1 D18 KK 516.15 1.78 3.13 11.12 43.46 3.36 6.05 0.22 0.19 0.05 25.35 0.04 94.75 
Ma 1 D19 KK 516.68 5.57 27.16 5.00 28.28 1.56 4.53 0.18 4.73 0.04 16.87 1.02 94.94 
Ma 1 D20 KK 517.23 39.04 39.81 1.71 5.79 0.35 0.65 0.15 6.20 <0.01 1.69 2.17 97.56 
Baco Ba1 R 428.18 24.41 12.46 8.80 22.81 3.64 7.74 1.20 1.89 0.05 12.93 0.07 96.00 
Baco Ba2 R 428.73 5.47 11.36 11.87 34.88 5.97 10.03 0.87 0.64 0.03 16.27 0.02 97.41 
Baco Ba3 R 429.25 15.91 2.37 18.06 31.43 5.13 8.45 0.81 0.29 0.09 14.27 0.02 96.83 
Baco Ba4 R 429.75 11.89 1.99 11.42 39.72 6.33 9.58 0.85 0.29 0.03 14.90 0.01 97.01 
Baco Ba5 R 430.25 3.71 1.42 11.30 42.19 6.95 11.10 0.99 0.13 0.02 18.99 0.01 96.81 
Baco Ba6 R 430.75 5.63 1.77 11.42 40.80 6.26 9.40 0.68 0.26 0.02 20.48 0.01 96.73 
Jasp J1 R 408.06 78.71 5.90 1.78 7.52 0.54 0.41 0.43 0.61 0.01 0.69 0.10 96.70 
Jasp J2 R 408.56 31.76 7.48 6.57 39.59 2.88 2.99 0.44 0.35 0.06 5.31 0.56 97.99 
Jasp J3 R 409.06 11.75 2.77 10.37 51.32 4.60 5.31 0.29 0.25 0.06 12.71 0.10 99.53 
Jasp J4 R 409.56 21.61 19.11 4.50 28.31 3.22 5.89 0.57 2.13 0.01 10.77 1.71 97.83 
Jasp J5 R 410.18 17.36 13.74 5.13 34.84 4.27 6.23 0.51 0.76 <0.01 14.66 0.38 97.88 
Jasp J6 R 410.60 8.26 5.91 8.85 38.76 6.26 8.92 0.80 0.33 0.01 18.50 0.09 96.69 
Jasp J7 R 411.10 17.94 2.41 8.95 34.96 6.14 7.65 0.43 0.36 <0.01 18.55 0.03 97.42 
Jasp J8 R 411.60 9.32 2.53 10.00 40.78 6.63 7.16 0.35 0.24 <0.01 18.76 0.02 95.79 
Jasp J9 R 412.25 7.49 2.45 9.74 38.62 6.94 8.96 0.47 0.27 <0.01 21.80 0.02 96.76 
Jasp J10 R 412.75 4.61 2.46 10.28 41.53 7.33 8.87 0.50 0.17 0.01 20.01 0.01 95.78 
Jasp J11 R 413.28 18.18 10.46 9.14 34.13 3.77 4.77 0.67 1.71 0.01 12.26 2.27 97.37 
Jasp J12 R 413.79 63.12 26.11 2.10 0.83 0.81 0.40 1.44 1.84 <0.01 0.11 0.04 98.80 
Jasp J13 R 414.21 69.36 22.63 1.76 0.65 0.57 0.29 0.96 1.97 <0.01 0.01 0.04 98.24 
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        XRF 
Well Can Seam Mid-point SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 Total 
Mimi M1 R 407.70 39.40 1.01 8.82 24.00 4.83 8.29 0.54 0.26 0.02 11.82 <0.01 98.99 
Mimi M2 R 408.20 6.78 6.44 12.20 34.34 6.72 12.07 0.36 0.27 0.02 18.27 0.01 97.48 
Mimi M3 R 408.72 21.22 21.38 5.45 23.14 4.14 8.07 0.40 1.56 0.01 9.73 3.05 98.15 
Mimi M4 R 409.31 35.46 20.79 4.27 20.35 2.92 5.72 0.70 0.80 0.01 6.74 1.16 98.92 
Mimi M5 R 409.86 13.35 5.57 7.75 50.52 4.41 5.95 0.20 0.46 0.02 9.21 0.18 97.62 
Mimi M6 R 410.38 9.88 2.44 10.67 50.58 6.19 6.41 0.28 0.25 0.01 12.32 0.05 99.08 
Mimi M7 R 410.88 12.54 2.19 11.71 37.28 7.57 8.83 0.48 0.25 0.01 16.01 0.01 96.88 
Mimi M8 R 411.38 2.87 1.98 12.94 40.63 8.82 10.18 0.60 0.11 0.01 17.51 0.01 95.66 
Mimi M9 R 411.88 5.76 2.55 11.45 38.65 8.06 10.24 0.33 0.24 0.01 18.50 0.01 95.80 
Mimi M10 R 412.51 4.10 1.97 11.33 42.31 7.11 7.89 0.23 0.11 0.01 20.73 0.01 95.80 
Mimi M11 R 413.16 55.97 20.64 2.53 7.89 1.56 2.63 0.49 3.94 <0.01 3.63 0.20 99.48 
Mimi M12 R 413.83 67.19 23.88 1.95 0.69 0.77 0.40 1.49 1.42 <0.01 0.10 0.04 97.93 
 
Ru 1 = Ruawaro 1, Ru 2 = Ruawaro 2, Ro 1 = Rotongaro 1, Ma 1 = Mangapiko 1, Jasp = Jasper 1.  
R = Renown seam, KK = Kupakupa seam. 
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1.3. Forms of Sulphur in the TW1 drill hole  
 
Can   Ash (db)  
Sulphur 
(db) 
Sulphate 
Sulphur 
(db) 
Pyritic 
Sulphur 
(db) 
Organic 
Sulphur 
(db) 
  % % % % % 
9 6.2 0.35 <0.01 0.04 0.31 
10 4.4 0.34 0.01 0.03 0.31 
11 3.2 0.33 0.01 0.03 0.30 
13 3.3 0.33 <0.01 0.02 0.31 
14 3.4 0.43 0.02 0.03 0.38 
15 3.1 0.29 0.01 0.03 0.25 
16 2.0 0.26 0.03 0.03 0.20 
17 1.9 0.24 0.01 0.01 0.22 
18 4.5 0.23 0.02 0.02 0.19 
19 1.9 0.24 <0.01 0.01 0.23 
20 2.0 0.25 0.02 0.01 0.22 
21 3.4 0.25 0.01 0.01 0.23 
22 10.3 0.22 <0.01 0.02 0.20 
24 36.4 0.23 0.01 0.02 0.20 
25 12.0 0.32 0.01 0.01 0.30 
26 6.0 0.28 0.01 0.01 0.26 
27 7.1 0.29 0.01 0.01 0.27 
28 4.0 0.30 0.01 0.01 0.28 
29 5.7 0.26 0.01 0.02 0.23 
30 4.4 0.26 0.01 0.01 0.24 
31 1.9 0.28 0.02 0.01 0.25 
32 2.4 0.29 0.01 0.01 0.27 
33 1.6 0.31 <0.01 0.01 0.30 
35 5.3 0.28 0.01 0.02 0.25 
36 1.6 0.26 <0.01 0.02 0.24 
37 1.7 0.27 <0.01 0.03 0.24 
38 1.2 0.33 0.01 0.02 0.30 
39 1.1 0.32 <0.01 0.01 0.31 
41 1.3 0.31 <0.01 0.02 0.29 
42 2.7 0.28 <0.01 0.04 0.24 
43 1.3 0.28 <0.01 0.03 0.25 
44 1.1 0.26 0.01 0.02 0.23 
45 1.9 0.28 <0.01 0.01 0.27 
 
         db = dry basis 
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1.4. Ultimate analysis data  
1.4.1. Ultimate analysis data (db) by canister 
 
Hole Can Mid-point Seam Ash db Carbon % Hydrogen % 
Nitrogen 
% 
Sulphur 
% Oxygen % 
Jasper 1 J1 408.06 Renown 43.88 41.40 2.98 0.61 0.17 10.96 
Jasper 1 J2 408.56 Renown 10.12 65.60 4.47 1.13 0.24 18.44 
Jasper 1 J3 409.06 Renown 4.72 70.50 4.97 1.14 0.24 18.43 
Jasper 1 J4 409.56 Renown 5.65 71.10 4.84 1.15 0.23 17.03 
Jasper 1 J5 410.18 Renown 4.19 72.00 4.95 1.17 0.21 17.48 
Jasper 1 J6 410.60 Renown 2.96 73.60 5.08 1.19 0.19 16.98 
Jasper 1 J7 411.10 Renown 3.05 72.90 5.06 1.13 0.19 17.67 
Jasper 1 J8 411.60 Renown 2.93 72.80 4.92 1.17 0.19 17.99 
Jasper 1 J9 412.25 Renown 2.60 73.30 5.02 1.15 0.20 17.73 
Jasper 1 J10 412.75 Renown 2.72 73.20 4.84 1.25 0.23 17.76 
Jasper 1 J11 413.28 Renown 5.88 69.40 4.74 1.03 0.25 18.70 
Jasper 1 J12 413.79 Renown 68.58 21.10 2.31 0.25 0.11 7.65 
Jasper 1 J13 414.21 Renown 72.01 20.20 1.97 0.23 0.12 5.47 
Mimi 1 M1 407.70 Renown 4.12 71.50 5.05 1.13 0.26 17.94 
Mimi 1 M2 408.20 Renown 2.59 73.10 5.24 1.15 0.25 17.67 
Mimi 1 M3 408.72 Renown 4.93 70.90 4.93 1.15 0.23 17.86 
Mimi 1 M4 409.31 Renown 7.24 68.90 4.76 1.10 0.22 17.78 
Mimi 1 M5 409.86 Renown 5.41 70.00 4.90 1.13 0.20 18.36 
Mimi 1 M6 410.38 Renown 4.00 71.70 5.03 1.14 0.20 17.93 
Mimi 1 M7 410.88 Renown 3.09 72.10 4.96 1.14 0.21 18.50 
Mimi 1 M8 411.38 Renown 2.74 72.10 4.91 1.17 0.21 18.87 
Mimi 1 M9 411.88 Renown 2.63 72.80 4.97 1.16 0.22 18.22 
Mimi 1 M10 412.51 Renown 3.01 72.30 4.87 1.17 0.25 18.40 
Mimi 1 M11 413.16 Renown 12.29 65.30 4.76 0.97 0.31 16.37 
Mimi 1 M12 413.83 Renown 67.40 23.60 2.26 0.27 0.14 6.33 
Mimi 1 M2 r repeat Renown 2.60 72.40 4.91 1.36 0.25 18.48 
Mimi 1 M4 r repeat Renown 7.20 68.40 4.54 1.33 0.22 18.31 
Mimi 1 M6 r repeat Renown 4.00 71.70 4.61 1.29 0.20 18.20 
Ruawaro 2 B16 458.45 Kupakupa 2.90 72.20 4.89 1.26 0.24 18.51 
Ruawaro 2 B17 458.95 Kupakupa 2.60 73.90 5.17 1.02 0.25 17.10 
Ruawaro 2 B18 459.45 Kupakupa 2.60 72.80 4.78 1.26 0.22 18.34 
Ruawaro 2 B19 459.95 Kupakupa 2.00 72.30 4.63 1.18 0.19 19.70 
Ruawaro 2 B20 460.45 Kupakupa 2.20 74.90 5.36 0.94 0.25 16.40 
Ruawaro 2 B21 460.95 Kupakupa 2.00 72.50 4.63 1.30 0.20 19.37 
Ruawaro 2 B22 461.45 Kupakupa 1.70 73.90 5.12 1.26 0.23 17.79 
Ruawaro 2 B23 461.98 Kupakupa 1.70 74.00 5.37 1.22 0.22 17.49 
Ruawaro 2 B24 462.58 Kupakupa 2.30 74.00 5.09 1.04 0.24 17.30 
Ruawaro 2 B25 463.13 Kupakupa 2.20 73.10 5.10 1.12 0.21 18.27 
Ruawaro 2 B26 463.73 Kupakupa 7.80 68.40 4.89 1.11 0.33 17.47 
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1.4.2. Ultimate analysis composites 
 
Composites:     Ultimate % (Dry Basis) 
Well Seam Canisters Carbon Hydrogen Nitrogen 
Ruawaro 1 Renown A4 - A12 62.11 4.80 1.00 
Ruawaro 1 Kupakupa A13 -A27 74.24 4.98 1.16 
Ruawaro 2 Renown B1 - B15 71.09 4.88 1.15 
Ruawaro 2 Kupakupa B16 - B26 74.44 5.36 1.02 
Rotongaro 1 Ngaro C1 49.48 3.57 0.77 
Rotongaro 1 Renown C2 - C5 68.69 4.90 1.07 
Rotongaro 1 Kupakupa C6 - C26 73.87 5.11 1.00 
Mangapiko 1 Renown D1 - D10 67.84 4.79 1.31 
Mangapiko 1 Kupakupa D11 - D20 72.44 5.29 1.23 
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1.5. Correlation tables of ash constituents by seam 
1.5.1. Correlation tables with all samples included 
 
Renown Ash db 1/Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 
Ash db 1 
1/Ash db -0.69 1 
SiO2 0.69 -0.83 1 
Al2O3 0.42 -0.48 0.34 1 
Fe2O3 -0.55 0.72 -0.76 -0.67 1 
CaO -0.62 0.65 -0.86 -0.61 0.75 1 
MgO -0.54 0.71 -0.78 -0.63 0.77 0.81 1 
Na2O -0.69 0.89 -0.80 -0.57 0.82 0.65 0.72 1 
K2O 0.52 -0.29 0.28 0.23 -0.05 -0.32 -0.23 -0.22 1 
TiO2 0.19 -0.35 0.27 0.59 -0.46 -0.46 -0.46 -0.39 0.09 1 
Mn3O4 -0.23 0.14 -0.32 -0.34 0.54 0.48 0.23 0.22 0.11 -0.26 1 
SO3 -0.69 0.93 -0.86 -0.52 0.75 0.68 0.71 0.92 -0.31 -0.31 0.15 1 
P2O5 -0.08 -0.22 0.05 0.46 -0.27 -0.20 -0.27 -0.21 -0.15 0.15 -0.17 -0.21 1 
 
 
 
 
Kupakupa Ash db 1/Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 
Ash db 1 
1/Ash db -0.77 1 
SiO2 0.57 -0.63 1 
Al2O3 0.69 -0.70 0.57 1 
Fe2O3 -0.58 0.62 -0.57 -0.81 1 
CaO -0.52 0.42 -0.78 -0.72 0.52 1 
MgO -0.30 0.23 -0.42 -0.41 0.36 0.57 1 
Na2O -0.66 0.78 -0.49 -0.60 0.54 0.25 0.00 1 
K2O -0.04 0.17 0.13 0.15 -0.15 -0.26 0.02 0.18 1 
TiO2 0.43 -0.47 0.37 0.45 -0.52 -0.46 -0.28 -0.39 -0.08 1 
Mn3O4 -0.29 0.20 -0.47 -0.44 0.51 0.51 0.15 0.07 -0.25 -0.22 1 
SO3 -0.70 0.86 -0.80 -0.67 0.63 0.51 0.16 0.75 0.02 -0.48 0.39 1 
P2O5 0.33 -0.31 0.14 0.36 -0.27 -0.25 -0.22 -0.32 -0.13 0.17 -0.17 -0.34 1 
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1.5.2. Correlation tables with no high ash yield (>20%) samples included 
 
Renown Ash db 1/Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 
Ash db 1 
1/Ash db -0.85 1 
SiO2 0.70 -0.72 1 
Al2O3 0.24 -0.40 0.26 1 
Fe2O3 -0.56 0.59 -0.69 -0.67 1 
CaO -0.46 0.43 -0.81 -0.56 0.66 1 
MgO -0.52 0.59 -0.72 -0.62 0.71 0.75 1 
Na2O -0.69 0.81 -0.70 -0.53 0.76 0.47 0.62 1 
K2O -0.03 0.01 0.03 -0.06 0.25 -0.06 -0.01 0.14 1 
TiO2 0.33 -0.32 0.29 0.58 -0.47 -0.48 -0.47 -0.41 0.00 1 
Mn3O4 0.37 -0.31 0.07 -0.24 0.36 0.27 -0.12 -0.16 0.23 -0.13 1 
SO3 -0.72 0.89 -0.79 -0.44 0.67 0.52 0.60 0.87 -0.04 -0.30 -0.30 1 
P2O5 0.17 -0.40 0.18 0.58 -0.37 -0.33 -0.37 -0.36 -0.12 0.16 -0.08 -0.36 1 
 
 
 
 
Kupakupa Ash db 1/Ash db SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn3O4 SO3 P2O5 
Ash db 1 
1/Ash db -0.77 1 
SiO2 0.64 -0.66 1 
Al2O3 0.70 -0.70 0.58 1 
Fe2O3 -0.58 0.62 -0.58 -0.81 1 
CaO -0.54 0.43 -0.79 -0.71 0.52 1 
MgO -0.28 0.18 -0.42 -0.40 0.35 0.58 1 
Na2O -0.74 0.82 -0.49 -0.61 0.54 0.25 0.00 1 
K2O -0.06 0.14 0.15 0.15 -0.15 -0.25 0.00 0.17 1 
TiO2 0.36 -0.45 0.39 0.43 -0.51 -0.45 -0.26 -0.41 -0.10 1 
Mn3O4 0.11 -0.18 -0.23 0.03 0.25 0.21 -0.06 -0.28 -0.26 -0.16 1 
SO3 -0.75 0.88 -0.80 -0.67 0.62 0.51 0.14 0.75 0.00 -0.49 0.08 1 
P2O5 0.37 -0.33 0.14 0.37 -0.27 -0.25 -0.22 -0.31 -0.13 0.18 0.17 -0.34 1 
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Appendix 2: Coal petrology data 
 
 
2.1. Vitrinite reflectance histograms 
2.1.1. Mangapiko 1 Renown  
 
 
 
 
2.1.2. Mangapiko 1 Kupakupa  
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2.1.3. Jasper 1 Renown  
 
 
 
2.1.4. Mimi 1 Renown  
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2.2. Suggate plot data 
Well Canister Mid-point Seam 
Moisture 
% 
Ash 
% 
VM 
% 
FC 
% 
CV 
(MJ/kg) 
Sulphur 
% 
VM % 
(dmmSf) 
CV 
(dmmSf) 
TW1 9 338.95 Renown 11.6 5.5 36.5 46.4 24.98 0.3 43.63 30.41 
TW1 10 339.45 Renown 12.9 3.8 35.4 47.9 25.02 0.3 42.21 30.25 
TW1 11 339.95 Renown 9.2 2.9 42 45.9 26.9 0.3 47.60 30.78 
TW1 12 340.45 Renown 28.18 
TW1 13 340.95 Renown 12.6 2.8 37.8 46.7 25.37 0.28 44.48 30.16 
TW1 14 341.45 Renown 11.1 3 41.3 44.5 26.91 0.38 47.89 31.53 
TW1 15 341.95 Renown 14 2.7 36.2 47.1 25.03 0.25 43.25 30.21 
TW1 16 342.45 Renown 12 1.8 38.3 47.9 26.34 0.23 44.30 30.68 
TW1 17 342.95 Renown 12.1 1.7 37.6 48.6 25.74 0.21 43.49 29.97 
TW1 18 343.45 Renown 12.3 3.9 35 48.8 24.68 0.2 41.47 29.64 
TW1 19 343.95 Renown 12.1 1.6 38.9 47.4 25.94 0.21 44.96 30.16 
TW1 20 344.45 Renown 13.9 1.7 35.9 48.5 25.3 0.22 42.40 30.09 
TW1 21 344.95 Renown 12.6 3 37.8 46.6 25.48 0.22 44.58 30.35 
TW1 22 345.45 Renown 12.6 9 37.1 41.3 21.82 0.19 46.70 28.20 
TW1 23 345.95 Renown 25.17 
TW1 24 346.45 Renown 8.4 33.4 29.2 29 16.55 0.21 47.13 30.25 
TW1 25 346.95 Kupakupa 10.9 10.7 36 42.4 23.49 0.29 
TW1 26 347.45 Kupakupa 12.7 5.2 35.4 46.7 24.54 0.24 42.73 30.14 
TW1 27 347.95 Kupakupa 12.7 6.2 35.4 45.7 24.66 0.25 43.19 30.71 
TW1 28 348.45 Kupakupa 15.5 3.4 33.6 47.5 23.99 0.25 41.16 29.77 
TW1 29 348.95 Kupakupa 12.8 5 36.1 46.1 24.17 0.23 43.56 29.64 
TW1 30 349.45 Kupakupa 13.5 3.8 35.9 46.8 24.13 0.22 43.13 29.37 
TW1 31 349.95 Kupakupa 13.8 1.6 36.5 48 25.48 0.24 43.02 30.23 
TW1 32 350.70 Kupakupa 12.8 2.1 38.4 46.8 25.97 0.26 44.97 30.66 
TW1 33 351.45 Kupakupa 11.2 1.4 39.7 47.7 26.75 0.27 45.32 30.72 
TW1 34 351.95 Kupakupa 25.88 
TW1 35 352.45 Kupakupa 11.1 4.7 38.1 46.1 24.68 0.25 44.93 29.54 
TW1 36 353.05 Kupakupa 12.3 1.4 36.5 49.7 26 0.23 42.18 30.23 
TW1 37 353.80 Kupakupa 11.2 1.5 36.6 50.7 25.99 0.24 41.80 29.88 
TW1 38 354.45 Kupakupa 12.1 1 38 48.9 26.81 0.29 43.64 30.96 
TW1 39 354.95 Kupakupa 11.4 1 37.9 49.7 26.8 0.28 43.18 30.70 
TW1 40 355.45 Kupakupa 26.68 
TW1 41 355.95 Kupakupa 12.3 1.1 36.7 49.7 26.12 0.27 42.28 30.26 
TW1 42 356.45 Kupakupa 12.1 2.3 36.6 49 25.49 0.24 42.58 29.92 
TW1 43 356.95 Kupakupa 12.2 1.2 37.8 48.9 26.94 0.25 43.55 31.21 
TW1 44 357.45 Kupakupa 12.2 1 41.7 45.1 27.91 0.23 47.98 32.25 
TW1 45 357.95 Kupakupa 12.5 12.5 37.4 48.5 26.55 0.25 49.01 36.09 
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Well Canister Mid-point Seam 
Moisture 
% 
Ash 
% 
VM 
% 
FC 
% 
CV 
(MJ/kg) 
Sulphur 
% 
VM % 
(dmmSf) 
CV 
(dmmSf) 
Ruawaro 1 A3 387.65 Ngaro 21.6 2.5 32.6 43.3 22.71 0.28 42.74 30.10 
Ruawaro 1 A2 388.09 Ngaro 19.8 3.1 36.1 41.0 23.96 0.27 46.60 31.28 
Ruawaro 1 A6 396.75 Renown 13.9 2.9 46.0 37.2 27.02 0.39 55.16 32.70 
Ruawaro 1 A5 397.29 Renown 17.6 3.5 38.6 40.3 24.45 0.36 48.69 31.23 
Ruawaro 1 A4 397.81 Renown 17.5 8.6 34.5 39.4 22.87 0.38 46.04 31.43 
Ruawaro 1 A7 398.25 Renown 10.1 66.9 15.3 7.7 4.77 0.08 52.80 29.34 
Ruawaro 1 A8 401.18 Renown 20.2 3.1 36.0 40.7 23.68 0.30 46.71 31.08 
Ruawaro 1 A9 401.68 Renown 19.0 5.7 36.7 38.6 23.31 0.30 48.34 31.28 
Ruawaro 1 A10 402.70 Renown 18.1 4.5 37.6 39.8 23.71 0.31 48.27 30.90 
Ruawaro 1 A11 403.20 Renown 18.3 7.4 36.0 38.3 22.84 0.34 47.92 31.15 
Ruawaro 1 A12 406.57 Renown 11.2 62.2 17.3 9.3 5.37 0.15 54.40 26.47 
Ruawaro 1 A16 417.78 Kupakupa 18.7 2.9 36.5 41.9 24.10 0.46 46.34 30.98 
Ruawaro 1 A15 418.20 Kupakupa 19.4 3.2 33.9 43.5 23.57 0.35 43.54 30.68 
Ruawaro 1 A14 418.70 Kupakupa 19.1 2.6 35.1 43.2 23.60 0.33 44.62 30.33 
Ruawaro 1 A13 419.20 Kupakupa 17.8 1.6 37.4 43.2 24.72 0.26 46.28 30.80 
Ruawaro 1 A17 419.99 Kupakupa 19.4 1.5 36.1 43.0 24.15 0.23 45.52 30.65 
Ruawaro 1 A18 420.53 Kupakupa 18.0 1.3 37.3 43.4 24.82 0.26 46.12 30.88 
Ruawaro 1 A19 421.08 Kupakupa 19.2 1.6 35.0 44.2 24.08 0.25 44.06 30.54 
Ruawaro 1 A20 421.60 Kupakupa 17.3 1.2 38.7 42.8 25.26 0.25 47.40 31.11 
Ruawaro 1 A21 422.10 Kupakupa 19.3 1.4 35.8 43.5 24.33 0.23 45.03 30.79 
Ruawaro 1 A22 422.70 Kupakupa 17.6 1.4 37.6 43.4 25.16 0.21 46.32 31.17 
Ruawaro 1 A23 423.20 Kupakupa 19.6 1.5 35.2 43.7 23.82 0.22 44.49 30.30 
Ruawaro 1 A24 423.70 Kupakupa 21.0 2.0 33.2 43.8 23.53 0.22 42.95 30.69 
Ruawaro 1 A25 424.20 Kupakupa 20.1 1.6 35.7 42.6 23.93 0.29 45.47 30.71 
Ruawaro 1 A26 424.70 Kupakupa 19.4 1.7 35.6 43.3 24.30 0.31 44.98 30.95 
Ruawaro 1 A27 430.60 Kupakupa 20.5 4.2 29.9 45.4 23.00 0.68 39.27 30.90 
Ruawaro 2 B1 433.66 Renown 18.7 3.0 37.5 40.8 23.96 0.25 47.68 30.78 
Ruawaro 2 B2 434.14 Renown 18.7 11.1 32.8 37.4 21.33 0.22 45.85 30.94 
Ruawaro 2 B3 434.59 Renown 20.2 2.0 33.7 44.1 23.28 0.24 43.15 30.07 
Ruawaro 2 B4 435.09 Renown 20.6 1.9 34.0 43.5 23.16 0.22 43.72 30.02 
Ruawaro 2 B5 435.59 Renown 20.8 2.1 36.1 41.0 23.24 0.21 46.67 30.28 
Ruawaro 2 B6 436.02 Renown 20.8 2.1 35.4 41.7 23.29 0.21 45.76 30.35 
Ruawaro 2 B7 436.44 Renown 19.0 2.1 36.2 42.7 23.69 0.22 45.72 30.16 
Ruawaro 2 B8 436.94 Renown 18.8 2.0 36.2 43.0 23.90 0.22 45.56 30.31 
Ruawaro 2 B9 437.44 Renown 21.1 1.9 34.2 42.8 23.09 0.21 44.26 30.12 
Ruawaro 2 B10 437.94 Renown 19.7 2.3 36.4 41.6 23.86 0.21 46.50 30.74 
Ruawaro 2 B11 438.44 Renown 18.1 11.3 33.4 37.2 21.46 0.20 46.44 30.96 
Ruawaro 2 B12 438.94 Renown 25.8 4.7 31.3 38.2 20.76 0.22 44.64 30.14 
Ruawaro 2 B13 439.44 Renown 23.2 3.3 32.9 40.6 22.24 0.27 44.49 30.47 
Ruawaro 2 B14 439.94 Renown 21.9 2.8 33.3 42.0 23.08 0.28 43.99 30.84 
Ruawaro 2 B15 440.34 Renown 18.0 31.2 25.7 25.1 15.25 0.29 47.34 32.12 
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Well Canister Mid-point Seam 
Moisture 
% 
Ash 
% 
VM 
% 
FC 
% 
CV 
(MJ/kg) 
Sulphur 
% 
VM % 
(dmmSf) 
CV 
(dmmSf) 
Ruawaro 2 B16 458.45 Kupakupa 17.9 2.4 37.3 42.4 24.73 0.24 46.63 31.19 
Ruawaro 2 B17 458.95 Kupakupa 18.7 2.0 35.4 43.9 24.25 0.22 44.49 30.72 
Ruawaro 2 B18 459.45 Kupakupa 18.4 2.1 36.4 43.1 24.50 0.22 45.63 30.96 
Ruawaro 2 B19 459.95 Kupakupa 20.1 1.6 33.8 44.5 23.93 0.19 43.03 30.68 
Ruawaro 2 B20 460.45 Kupakupa 20.1 1.6 35.5 42.8 23.59 0.19 45.21 30.24 
Ruawaro 2 B21 460.95 Kupakupa 19.0 1.6 35.9 43.5 24.18 0.20 45.09 30.57 
Ruawaro 2 B22 461.45 Kupakupa 16.6 1.4 39.8 42.2 25.90 0.23 48.44 31.70 
Ruawaro 2 B23 461.98 Kupakupa 16.2 1.4 41.0 41.4 26.24 0.22 49.67 31.96 
Ruawaro 2 B24 462.58 Kupakupa 18.1 1.6 37.5 42.8 24.93 0.20 46.58 31.16 
Ruawaro 2 B25 463.13 Kupakupa 17.8 1.8 38.7 41.7 25.34 0.21 48.01 31.65 
Ruawaro 2 B26 463.73 Kupakupa 19.7 6.3 35.9 38.1 23.04 0.33 48.06 31.50 
Rotongaro 1 C1 428.64 Ngaro 21.2 27.5 25.0 26.3 15.57 0.35 45.80 32.23 
Rotongaro 1 C2 435.15 Renown 18.9 4.5 36.1 40.5 22.91 0.35 46.80 30.18 
Rotongaro 1 C3 435.65 Renown 21.4 2.1 35.6 40.9 22.86 0.23 46.38 30.03 
Rotongaro 1 C4 436.15 Renown 19.0 5.2 36.1 39.7 23.06 0.26 47.25 30.70 
Rotongaro 1 C5 436.73 Renown 20.3 13.2 33.7 32.8 20.05 0.25 49.68 30.84 
Rotongaro 1 C6 447.59 Kupakupa 18.5 9.8 34.3 37.4 21.30 0.28 47.10 30.20 
Rotongaro 1 C7 448.14 Kupakupa 21.1 2.4 33.6 42.9 22.80 0.23 43.73 29.96 
Rotongaro 1 C8 448.64 Kupakupa 21.1 2.7 33.1 43.1 22.50 0.22 43.22 29.69 
Rotongaro 1 C9 449.09 Kupakupa 20.0 2.5 35.8 41.7 23.34 0.20 46.01 30.27 
Rotongaro 1 C10 449.66 Kupakupa 20.9 1.7 35.7 41.7 23.28 0.19 46.00 30.20 
Rotongaro 1 C11 450.21 Kupakupa 17.6 1.8 40.4 40.2 24.81 0.19 50.01 30.90 
Rotongaro 1 C12 450.71 Kupakupa 15.7 4.0 42.8 37.5 25.45 0.22 53.07 31.91 
Rotongaro 1 C13 451.21 Kupakupa 18.8 2.7 37.9 40.6 23.84 0.20 48.10 30.53 
Rotongaro 1 C14 452.65 Kupakupa 20.1 1.6 35.6 42.7 23.40 0.19 45.34 30.00 
Rotongaro 1 C15 453.15 Kupakupa 19.3 1.4 36.5 42.8 23.94 0.21 45.92 30.30 
Rotongaro 1 C16 453.65 Kupakupa 18.8 1.3 38.0 41.9 24.35 0.21 47.47 30.58 
Rotongaro 1 C17 454.15 Kupakupa 19.4 1.6 35.6 43.4 23.64 0.20 44.94 30.04 
Rotongaro 1 C18 454.65 Kupakupa 20.0 1.6 36.0 42.4 23.55 0.17 45.80 30.14 
Rotongaro 1 C19 455.15 Kupakupa 19.5 1.7 36.1 42.7 23.66 0.17 45.69 30.13 
Rotongaro 1 C20 455.65 Kupakupa 19.6 1.4 36.4 42.6 23.81 0.20 45.97 30.24 
Rotongaro 1 C21 456.15 Kupakupa 18.3 1.6 37.4 42.7 24.10 0.20 46.58 30.20 
Rotongaro 1 C22 456.65 Kupakupa 20.8 1.4 35.1 42.7 23.53 0.20 45.00 30.35 
Rotongaro 1 C23 457.15 Kupakupa 19.0 1.4 37.8 41.8 24.24 0.21 47.39 30.56 
Rotongaro 1 C24 457.65 Kupakupa 19.6 1.5 36.4 42.5 23.76 0.21 46.02 30.23 
Rotongaro 1 C25 458.15 Kupakupa 19.4 1.4 37.9 41.3 24.15 0.22 47.76 30.60 
Rotongaro 1 C26 458.70 Kupakupa 18.7 1.9 37.8 41.6 24.42 0.26 47.47 30.90 
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Well Canister Mid-point Seam 
Moisture 
% 
Ash 
% 
VM 
% 
FC 
% 
CV 
(MJ/kg) 
Sulphur 
% 
VM % 
(dmmSf) 
CV 
(dmmSf) 
Mangapiko 1 D1 482.60 Renown 17.5 24.4 29.1 29.0 17.72 0.29 47.89 31.95 
Mangapiko 1 D2 483.10 Renown 15.1 38.9 21.8 24.2 13.57 0.16 42.50 32.31 
Mangapiko 1 D3 483.60 Renown 19.9 2.9 35.6 41.6 23.30 0.25 45.90 30.36 
Mangapiko 1 D4 484.10 Renown 20.2 2.7 34.4 42.7 23.02 0.25 44.40 30.03 
Mangapiko 1 D5 484.60 Renown 19.1 4.4 35.7 40.8 23.29 0.22 46.35 30.68 
Mangapiko 1 D6 485.05 Renown 19.0 2.4 37.2 41.4 24.06 0.24 47.16 30.77 
Mangapiko 1 D7 485.55 Renown 19.2 2.7 36.9 41.2 24.15 0.25 47.05 31.10 
Mangapiko 1 D8 486.05 Renown 18.8 2.2 38.1 40.9 24.16 0.24 48.08 30.74 
Mangapiko 1 D9 486.55 Renown 20.6 2.1 35.7 41.6 23.52 0.25 46.02 30.57 
Mangapiko 1 D10 487.10 Renown 21.2 3.5 34.8 40.5 22.84 0.29 45.95 30.55 
Mangapiko 1 D11 512.35 Kupakupa 20.9 1.5 35.6 42.0 23.64 0.32 45.75 30.61 
Mangapiko 1 D12 512.85 Kupakupa 28.4 1.8 32.4 37.4 21.15 0.22 46.27 30.45 
Mangapiko 1 D13 513.35 Kupakupa 21.5 1.6 36.1 40.8 23.42 0.23 46.82 30.59 
Mangapiko 1 D14 513.85 Kupakupa 21.9 1.6 35.8 40.7 23.33 0.23 46.68 30.63 
Mangapiko 1 D15 514.65 Kupakupa 20.2 1.4 38.0 40.4 24.21 0.26 48.37 31.00 
Mangapiko 1 D16 515.15 Kupakupa 19.5 1.5 38.1 40.9 24.39 0.24 48.12 31.00 
Mangapiko 1 D17 515.65 Kupakupa 18.9 1.6 39.6 39.9 24.80 0.22 49.71 31.32 
Mangapiko 1 D18 516.15 Kupakupa 19.9 1.6 38.5 40.0 24.25 0.24 48.94 31.03 
Mangapiko 1 D19 516.68 Kupakupa 20.4 3.0 37.7 38.9 24.02 0.30 49.01 31.57 
Mangapiko 1 D20 517.23 Kupakupa 18.7 14.0 35.8 31.5 20.65 0.37 52.21 31.47 
Baco 1 Ba1 428.18 Renown 17.4 3.3 35.9 43.4 24.30 0.30 45.02 30.85 
Baco 1 Ba2 428.73 Renown 16.7 2.4 37.5 43.4 24.86 0.24 46.18 30.88 
Baco 1 Ba3 429.25 Renown 15.8 2.9 37.7 43.6 24.80 0.23 46.17 30.67 
Baco 1 Ba4 429.75 Renown 15.4 2.5 38.3 43.8 25.11 0.23 46.48 30.74 
Baco 1 Ba5 430.25 Renown 16.3 2.2 36.0 45.5 24.60 0.23 44.00 30.32 
Baco 1 Ba6 430.75 Renown 15.6 2.2 37.6 44.6 25.01 0.25 45.58 30.57 
Jasper 1 J1 408.06 Renown 6.8 40.9 26.5 25.8 15.06 0.17 46.47 31.32 
Jasper 1 J2 408.56 Renown 11.1 9.0 37.7 42.2 22.96 0.24 46.57 29.12 
Jasper 1 J3 409.06 Renown 11.0 4.2 40.6 44.2 25.53 0.24 47.61 30.32 
Jasper 1 J4 409.56 Renown 13.2 4.9 36.9 45.0 24.52 0.23 44.71 30.18 
Jasper 1 J5 410.18 Renown 11.7 3.7 39.0 45.6 25.32 0.21 45.85 30.11 
Jasper 1 J6 410.60 Renown 12.3 2.6 39.3 45.8 25.65 0.19 46.01 30.28 
Jasper 1 J7 411.10 Renown 11.4 2.7 40.7 45.2 26.10 0.19 47.21 30.53 
Jasper 1 J8 411.60 Renown 11.3 2.6 39.3 46.8 25.96 0.19 45.47 30.29 
Jasper 1 J9 412.25 Renown 11.6 2.3 39.7 46.4 26.10 0.20 45.96 30.44 
Jasper 1 J10 412.75 Renown 11.8 2.4 38.1 47.7 25.68 0.23 44.23 30.07 
Jasper 1 J11 413.28 Renown 11.6 5.2 37.3 45.9 24.76 0.25 44.47 30.01 
Jasper 1 J12 413.79 Renown 6.1 64.4 18.0 11.5 6.65 0.11 50.13 28.93 
Jasper 1 J13 414.21 Renown 3.9 69.2 16.2 10.7 5.85 0.12 46.42 29.40 
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Well Canister Mid-point Seam 
Moisture 
% 
Ash 
% 
VM 
% FC % 
CV 
(MJ/kg) 
Sulphur 
% 
VM % 
(dmmSf) 
CV 
(dmmSf) 
Mimi 1 M1 407.70 15.1 3.5 37.2 44.2 24.64 0.26 45.45 30.47 
Mimi 1 M2 408.20 15.1 2.2 39.0 43.7 25.37 0.25 47.01 30.82 
Mimi 1 M3 408.72 16.9 4.1 35.2 43.8 23.66 0.23 44.25 30.17 
Mimi 1 M4 409.31 15.8 6.1 35.3 42.8 23.29 0.22 44.75 30.11 
Mimi 1 M5 409.86 15.0 4.6 37.7 42.7 23.88 0.20 46.58 29.92 
Mimi 1 M6 410.38 14.9 3.4 38.3 43.4 24.51 0.20 46.65 30.18 
Mimi 1 M7 410.88 12.6 2.7 38.8 45.9 25.49 0.21 45.62 30.24 
Mimi 1 M8 411.38 12.3 2.4 38.2 47.1 25.57 0.21 44.61 30.11 
Mimi 1 M9 411.88 12.7 2.3 38.5 46.5 25.62 0.22 45.13 30.28 
Mimi 1 M10 412.51 13.7 2.6 37.2 46.5 25.10 0.25 44.25 30.14 
Mimi 1 M11 413.16 12.1 10.8 36.1 41.0 23.45 0.31 46.05 30.93 
Mimi 1 M12 413.83   4.6 64.3 17.8 13.3 7.20 0.14 46.07 29.30 
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2.3. VIRF analysis figures 
2.3.1. Jasper 1 Renown seam 
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2.3.2. Ruawaro 2 Kupakupa seam 
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2.4. Macroscopic logging sheets 
2.4.1. TW1 
Can From To 
Counts 
Vitrain size (mm) Coal Type Comments Attrital Vitrain Fusain Total 
9 338.70 339.20 13 6  19 1,1,2,0.5,1,2 BNB  
10 339.20 339.70 17 5 1 23 1,1,1,0.5, 0.5 BNB  
11 339.70 340.20 28 10 1 39 1,1,1,1,1, 0.5,0.5, 1,1,2 BMB  
12 340.20 340.70    desorbing 
13 340.70 341.20 18 14  32 
0.5, 3, 0.5, 2, 1,1,1,1,0.5, 
1,1,1,0.5,30 BMB  
14 341.20 341.70 26 1  27 1 BNB  
15 341.70 341.87      
Dirty 
Coal  
15 341.87 342.20 17 3  20 1,1,1 DNB Clayey Coal 
16 342.20 342.70 23 6  29 1,1,1,1,2,0.5 BNB  
17 342.70 343.20 24 4  28 0.5,1,1,2 BNB  
18 343.20 343.44 9 1  10 2 BNB  
18 343.44 343.55 6 3  9 1,2,3 DMB 
Dull appearance, Possibly 
Fusain 
18 343.55 343.70 13 1  14 1 BNB  
19 343.70 344.20 15 5  20 1,1,0.5, 0.5, 1 BMB  
20 344.20 344.70 22 5  27 2,1,1,0.5,25 BNB 
0.1 - .16 weird fracture. 
Fusain? 
21 344.70 345.20 11 2  13 0.5,2 BNB Broken 
22 345.20 345.70    BMB Highly Broken 
23 345.70 346.20    desorbing 
24 346.20 346.52    BMB Highly Broken 
24 346.52 346.63      
Dirty 
Coal Highly Broken 
24 346.63 346.70    BMB Highly Broken 
25 346.70 347.20    BMB Highly Broken 
26 347.20 347.70    BMB Highly Broken 
27 347.70 348.20 20 5  25 3,2,3,2,3 BMB 
@ 0.25 - 1cm brown clay 
layer 
28 348.20 348.70 28 11  39 1,1,0.5,0.5,1,2,1,2,2,2,1 BMB  
29 348.70 349.20 21 9  30 2,3,2,3,5,0.5,2,30,1 BMB  
30 349.20 349.70 18 2  20 1,0.5 BNB Upper 5cm dull with fusain. 
31 349.70 350.20 23 8 2 33 0.5,0.5,6,30,1,4,1,2 BMB  
32 350.20 351.20 17 18  35 0.5,1,2,2,1,1,3,2,0.5,1,5,2,1,3,3,8,2,3 BHB Some Ca. Cleat. 
33 351.20 351.70 24 16  40 
0.5,4,0.5,7,0.5,0.5,1,0.5,0.5,0.5,4,5,0
.5,3,1,0.5 BHB  
34 351.70 352.20    0 desorbing 
35 352.20 352.70 12 10  22 0.5,1,2,2,1,0.5,1,0.5,0.5,2 BMB Ca on cleat 
36 352.70 353.39 25 15  40 0.5,0.5,1,1,1,1,3,1,4,4,1,3,2,0.5,5 BMB Ca on cleat. 
37 353.39 354.20    0 BMB Highly broken * 
38 354.20 354.70    0 BMB Highly broken * 
39 354.70 355.20    0 BMB Highly broken * 
40 355.20 355.70    0 desorbing 
41 355.70 356.20    0 BMB Highly broken * 
42 356.20 356.70    0 BMB Highly broken * 
43 356.70 357.20 21 13  34 0.5,2,0.5,4,1,1,1,2,10,2,3,4,7 BHB  
44 357.20 357.70 7 10  17 1,4,3,3,2,4,7,2,2,1 BHB Isotherm sample from base 
45 357.70 358.20 9 12   21 3,1,1,4,8,1,2,1,2,3,1,3 BHB   
* Bedding plane fracture.   
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2.4.2. Ruawaro 1 
Can From To 
Counts 
Vitrain size (mm) Coal type Comments 
Attrital Fusain Vitrain  Total 
A3 387.40 387.90 21  9 30 
4, 3, 0.5, 0.5, 0.5, 1, 
0.5, 0.5, 2 BMB at 0.36 1cm resin band 
A2 387.90 388.16 21  8 29 2, 3, 0.5, 1, 2, 3, 3, 3 BMB at 0.1 3mm resin band 
A2 388.16 388.28           030 dull   
A6 396.48 396.59    312.3 
A6 396.59 397.01 19  8 27 
0.5, 1, 0.5, 0.5, 0.5, 6, 
2, 0.5 BMB minor flecks of calcite 
A5 397.01 397.56 23  15 38 
0.5, 1, 1, 2, 0.5, 2, 1, 
3, 1, 0.5, 1, 0.5, 5, 
0.5, 0.5 
BMB at 0.15 2mm resin lens, at 0.17 HAC. Calcite flecks throughout 
A4 397.56 398.05 22  11 33 
2, 1, 2, 1, 4, 0.5, 0.5, 
0.5, 2, 4, 2 BMB at 0.43 calcite 
A7 398.05 398.45    310.3 
A8 400.91 401.45 21  5 26 0.5, 2, 0.5, 0.5, 0.5 BNB 
at 0.03 HAC (A7); at 0.49 2mm resin lens; 
last 10cm BMB 
A9 401.45 401.90    BMB too broken, bands visible 
A10 402.45 402.95 23  16 39 
0.5, 1, 0.5, 0.5, 1, 2, 
0.5, 2, 1, 1, 1, 1, 7, 1, 
1, 2 
BHB at 0 - 0.03 HAC; at 0.03 - 0.06 resin (?) on cleat; minor resin throughout 
A11 402.95 403.45 15  9 24 
1, 0.5, 0.5, 0.5, 4, 3, 
2, 0.5, 3 BHB same as A10 
A12 406.41 406.73           313.3   
A16 417.61 417.69    373.3 
A16 417.69 417.75    030 dull 
A16 417.75 417.95 20  7 27 0.5, 1, 1, 5, 1, 0.5, 0.5 BNB minor resin 
A15 417.95 418.14 13  5 18 0.5, 5, 1, 5, 2 BMB minor resin 
A15 418.14 418.45 22  4 26 0.5, 0.5, 0.5, 2 BNB 
A14 418.45 418.95 37 1 12 50 
0.5, 1, 0.5, 0.5, 0.5, 
0.5, 2, 1, 0.5, 0.5, 0.5, 
0.5 
BNB calcite 4cm thick  + throughout; fusain 2mm 
A13 418.95 419.45 24  6 30 4, 0.5, 3, 0.5, 0.5, 0.5 BNB at 0.40-0.50 resin lenses 
CRL 419.45 419.73 8  19 27 
1, 1, 3, 1, 1, 2, 0.5, 
0.5, 0.5, 0.5, 1, 0.5, 
0.5, 0.5, 1, 0.5, 1, 0.5, 
0.5 
BHB minor resin, vertical persistent cleat, canister full of water when opened 
A17 419.73 420.25 33  11 44 
4, 0.5, 0.5, 0.5, 1, 0.5, 
5, 1, 1, 1, 8 BMB  
A18 420.25 420.80 14  13 27 
1, 0.5, 0.5, 1, 1, 1, 
0.5, 0.5, 0.5, 2, 2, 1, 
0.5 
BHB resin and calcite throughout 
A19 420.80 421.15 10  5 15 2, 2, 0.5, 5, 0.5 BHB 
25cm perm sample taken from A19. Coal type 
change in that interval 12cm added to BMB, 
11cm to BNB 
A19 421.15 421.35 6  2 8 1, 1,  BNB 
A20 421.35 421.68 23  3 26 3, 3, 8 BNB resin   
A20 421.68 421.85 13  2 15 1, 0.5 BMB 
A21 421.85 422.35 35  11 46 
0.5, 1, 1, 20, 6, 0.5, 1, 
0.5, 1, 10, 4 BMB resin and calcite present 
A22 422.45 422.95 32  1 33 1 BNB at 0.45 2mm resin + resin (?) on cleat 
A23 422.95 423.45 25  9 34 
1, 1, 0.5, 0.5, 3, 0.5, 
0.5, 0.5, 0.5 BNB minor resin 
A24 423.45 423.95 34  3 37 6, 2, 1 BNB 
A25 423.95 424.45 23  11 34 
4, 1, 2, 0.5, 1, 1, 2, 1, 
1, 2, 0.5 BMB  
A26 424.45 424.95 23  20 43 
0.5, 0.5, 3, 0.5, 0.5, 3, 
3, 4, 1, 3, 1, 0.5, 2, 3, 
0.5, 5, 3, 2, 0.5, 3 
BHB resin throughout 
A27 430.40 430.55 9  0 9 BNB mud layers at base 
A37 430.55 430.80           310.3 carb. Mst verging on HAC 
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2.4.3. Ruawaro 2 
Can From To 
Counts Vitrain size 
(mm) Coal type Comments Attrital Fusain Vitrain  Total 
B1 433.38 433.93 40  2 42 0.5, 1 BNB 
1cm space (parting) between B1 & B2 
sandy/muddy 
B2 433.94 434.07 7 1 8 1 BNB 
B2 434.07 434.34 CM+HAC interbedded 
B3 434.34 434.48 HAC 
B3 434.48 434.84 15   15  BNB 
very uneven rough fracture, may be 
better to leave counts out 
B4 434.84 435.34 25  5 30 
0.5, 1, 0.5, 1, 
1 BNB  
B5 435.34 435.84 too broken     coal 
This is the base 85cm of a core run. No 
mention of difficulties in logs. Drilling 
time standard. Probably a real crush 
zone B6 435.84 436.19 
too 
broken     coal 
B7 436.19 436.69 11 4 15 1, 0.5, 3, 1 BNB permeability sample 
B8 436.69 437.19 17 3 20 1, 0.5, 2 BNB resin and perm sample 
B9 437.19 437.69 22 3 25 1, 1, 1,  BNB perm sample 
B10 437.69 438.19 20  7 27 
0.5, 4, 1, 0.5, 
2, 0.5, 1 BNB some resin 
B11 438.19 438.69 323.3 grey and brown layers 
B12 438.69 438.95 323.3 grey and brown layers 
B12 438.95 439.19 14 14 BNB 
B13 439.19 439.25 BNB too broken 
B13 439.25 439.6 583.3 grades into coal 
B13 439.6 439.69 BNB some resin 
B14 439.69 440.19 13  2 15 1, 0.5, BMB 
difficult due to rough fracture, some 
bands visible 
B15 440.19 440.49             too broken with some HAC 
B16 458.2 458.7 17  7 24 
1, 1, 1, 0.5, 
2, 1, 3,  BMB resin and perm sample 
B17 458.7 459.2 25  9 34 
1, 11, 1, 9, 3, 
0.5, 2, 1, 0.5 BMB  
B18 459.2 459.7 25  10 35 
1, 1, 1, 2, 1, 
0.5, 0.5, 0.5, 
7, 0.5 
BMB resin 
B19 459.7 460.2 30 2 32 0.5, 0.5,  BNB minor resin and sample 
B20 460.2 460.7 27 1 28 8,  BNB 
B21 460.7 461.2 31  10 41 
2, 3, 0.5, 0.5, 
0.5, 2, 15, 
0.5, 1,  
BNB  
B22 461.2 461.7 24 4 28 2, 2, 4, 4,  BNB adsorption sample 
B23 461.7 462.25 10  12 22 
2, 2, 3, 1, 
0.5, 1, 2, 0.5, 
0.5, 2, 0.5, 1,  
BMB perm sample 
B24 462.3 462.4 2  4 6 
0.5, 0.5, 0.5, 
1,  BHB some resin 
B24 462.4 462.85 19 1 20 1,  BNB fractures, brittle at base 
B25 462.85 463.4 17  8 25 
2, 0.5, 2, 0.5, 
2, 0.5,  BNB resin, predominately smashed 
B26 463.43 464.03 19   12 31 
0.5, 5, 0.5, 
0.5, 4, 0.5, 
0.5, 0.5, 0.5, 
1, 0.5, 4 
BHB resin 
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2.4.4. Rotongaro 1 
Can From  To 
Counts 
Vitrain size (mm) Coal type Comments 
Attrital Fusain Vitrain  Total 
C1 428.39 428.59 coal too broken 
C1 428.59 428.89           310.3 Carbonaceous mudstone with coaly laminae 
C2 434.90 435.08 15 15 HAC 
C2 435.08 435.31      BHB 
looks like solid vitrinite- wood 
chunk? 
C2 435.31 435.40 7 7 BNB 
C3 435.40 435.60 BNB? perm sample  
C3 435.60 435.90 32 32 BNB 
C4 435.90 436.40 22 1 23 2 BNB 
C5 436.40 437.06           coal too broken 
C6 447.34 447.54 4 9 13 4, 4, 3, 6, 0.5, 3, 1, 1, 3 BHB minor resin 
C6 447.54 447.57 HAC 
C6 447.57 447.84 9 2 11 1, 1 BNB 
C7 447.89 448.02 5 5 BNB 
C7 448.02 448.19 coal too broken 
C7 448.19 448.39 10 4 14 1, 0.5, 3, 1 BMB 
C8 448.39 448.89 19 6 25 6, 1, 1, 1, 0.5, 0.5 BMB perm sample 448.39-448.53 
C9 448.89 449.29 20 8 28 1, 2, 4, 0.5, 0.5, 4, 1, 9 BMB minor resin 
C10 449.36 449.96 23 1 24 1 BNB very crushed 
       
C11-C15 were very 
oily   
C11 449.96 450.03 8 8 8 BMB minor resin 
C11 450.03 450.36 7 3 15 1, 1, 0.5, 5, 0.5, 1, 0.5, 1 BHB resin and clay? 
C11 450.36 450.46 16 14 19 0.5, 0.5, 4 BMB 
C12 450.46 450.96 35  11 49 
1, 0.5, 1, 1, 0.5, 0.5, 0.5, 
0.5, 0.5, 3, 0.5, 0.5, 1, 
0.5 
BMB resin and clay? 
C13 450.96 451.46 32  21 43 
1, 0.5, 1, 1, 0.5, 1, 2, 
0.5, 0.5, 1, 3 BMB clay? 
CRL2  451.46 451.86 22  23 43 
1, 0.5, 0.5, 0.5, 1, 0.5, 2, 
3, 1, 1, 0.5, 1, 0.5, 0.5, 
1, 0.5, 1, 0.5, 0.5, 1, 0.5 
BHB minor resin, canister was dry when opened.(AIR) 
CRL1  451.86 452.28 22  10 45 
0.5, 0.5, 1, 2, 1, 0.5, 0.5, 
1, 0.5, 0.5, 1, 1, 1, 1, 
0.5, 05, 0.5, 1, 0.5, 2, 
0.5, 1, 0.5 
BHB minor resin, canister filled with water when opened (ARGON) 
C14 452.40 452.90 34   44 
1, 2, 0.5, 2, 0.5, 1, 0.5, 
1, 0.5, 0.5 BMB red markings- resin? (photo) 
C15 452.90 452.97 7 9 7 BNB 
C15 452.97 453.40 20  6 29 
1, 1, 0.5, 1, 0.5, 1, 1, 
0.5, 0.5,  BMB minor resin 
C16 453.40 453.90 30 3 36 0.5, 0.5, 1, 1, 2, 1 BMB resin at top 
C17 453.90 454.40 15  5 18 0.5, 0.5, 0.5 BNB 
top shattered, minor resin, 
perm sample 454.11-454.30 
C18 454.40 454.90 44 6 49 3, 1, 0.5, 0.5, 2 BNB minor resin 
C19 454.90 455.40 45 8 51 0.5, 0.5, 0.5, 3, 0.5, 0.5 BNB minor resin 
C20 455.40 455.65 16  1 24 
1, 0.5, 1, 3, 2, 0.5, 0.5, 
0.5,  BMB minor resin 
C20 455.65 455.90 16 17 0.5 BNB minor resin 
C21 455.90 455.98 HAC 
C21 455.98 456.20 20 5 20 BNB 
C21 456.20 456.40 9 10 14 1, 0.5, 0.5, 1, 1 BMB minor resin 
C22 456.40 456.90 36  2 46 
0.5, 0.5, 2, 1, 0.5, 1, 3, 
0.5, 0.5, 1 BMB 
minor resin with some resin 
blobs 
C23 456.90 457.40 38 40 3, 0.5 BNB minor resin 
C24 457.40 457.52 12 5 12 BNB minor resin, perm sample 
C24 457.52 457.90 21 1 26 3, 1, 1, 3, 1 BMB minor resin 
C25 457.90 458.04 11 3 12 0.5 BNB minor resin 
C25 458.04 458.19 9 1 12 12, 11, 0.5 BHB minor resin 
C25 458.19 458.40 20 4 21 1 BNB resin band 
C26 458.4 459 36     40 0.5, 1, 1, 1 BNB   
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2.4.5. Mangapiko 1 
Can From To 
Counts 
Vitrain size (mm) Coal type Comments 
Attrital Fusain Vitrain  Total 
D1 482.35 482.45 3 1 4 0.5 BMB minor resin + minor mudstone 
D1 482.45 482.72      CM 
CM with sandy and coaly lenses + 
HAC 
D1 482.72 482.85 7 5 12 0.5, 1, 0.5, 1, 2 BHB minor resin + silty lenses 
D2 482.85 483.05 coal perm sample 
D2 483.05 483.22      CM 
interbedded HAC/CM with 
sandy/muddy lenses some thick 
vitrain bands (one solid 14mm chunk) 
D2 483.22 483.35 7 3 10 0.5, 0.5, 0.5,  BMB 
D3 483.35 483.65 23  8 31 
1, 2, 0.5, 2, 0.5, 3, 1, 
0.5 BMB  
D3 483.65 483.75 coal Adsorption isotherm 
D3 483.75 483.85 9 1 10 0.5 BNB 
D4 483.85 484.35 19  8 27 
4, 0.5, 3, 1, 1, 1, 0.5, 
2 BMB perm sample 
D5 484.35 484.41 1 4 5 2, 4, 5, 2 BHB 
D5 484.41 484.85 24  11 35 
1, 2, 1, 0.5, 1, 1, 0.5, 
1, 1, 0.5, 1 BMB 
some resin, 11-3cm from base some 
thick brown mud(?) on cleat 
D6 484.85 485.02 10 6 16 0.5, 1, 3, 1, 1, 1,  BMB some resin 
D6 485.02 485.25 18 2 20 1, 1 BNB some resin 
D7 485.30 485.46 10 10 BNB 
D7 485.46 485.55 5 3 8 0.5, 3, 0.5 BMB 
D7 485.55 485.80 16 16 BNB 
D8 485.80 486.30 34  16 50 
7, 0.5, 1, 10, 0.5, 1, 1, 
1, 0.5, 3, 1, 3, 10, 1, 
2, 3 
BHB minor resin 
D9 486.30 486.80 28  23 51 
3, 3, 0.5, 0.5, 6, 1, 1, 
1, 0.5, 1, 1, 0.5, 1, 1, 
7, 0.5, 1, 1, 9, 5, 6, 1, 
1 
BHB resin 
D10 486.90 487.01 2   8 10 1, 2, 0.5, 1, 1, 1, 0.5, 0.5 BHB 
resin, missing thickness is perm 
sample 
D11 512.10 512.60 23  9 32 
1, 0.5, 0.5, 1, 0.5, 1, 
0.5, 0.5, 0.5 BMB crushed at ends, minor resin 
D12 512.60 512.75 coal too broken but can see some bands 
D12 512.75 513.00 coal mushy', biscuit like, crumbles at touch 
D12 513.00 513.10      coal 
too broken with rough fracture broke 
up when trying to clean 
D13 513.10 513.60 34  8 42 
1, 0.5, 1, 0.5, 0.5, 1, 
4, 0.5 BMB minor resin, very brittle 
D14 513.60 514.10 20  8 28 
1, 1, 0.5, 0.5, 5, 3, 
0.5, 0.5 B<20 minor resin, 0.3-0.4 totally crushed 
D15 514.40 514.63 7  12 19 
1, 1, 1, 0.5, 0.5, 0.5, 
0.5, 1, 1, 1, 0.5, 0.5 BHB  
D15 514.63 514.80 17 5 22 0.5, 0.5, 1, 0.5, 0.5 BMB 
D15 514.80 514.90 2  7 9 
3, 0.5, 0.5, 0.5, 1, 0.5, 
10 BHB  
D16 514.90 515.15 14  9 23 
0.5, 0.5, 1, 0.5, 0.5, 
0.5, 0.5, 1, 0.5 BMB some resin 
D16 515.15 515.40 12  13 25 
7, 0.5, 6, 1, 0.5, 0.5, 
3, 1, 4, 3, 0.5, 0.5, 2 BHB minor resin 
D17 515.40 515.90 19  7 26 0.5, 1, 0.5, 2, 2, 1, 2 BMB 
24cm perm sample, minor resin, 
pretty crushed at base 
D18 515.90 516.40 22  11 33 
0.5, 0.5, 0.5, 1, 1, 1, 
2, 0.5, 1, 1, 1 BMB perm sample, minor resin 
D19 516.40 516.95 26  27 53 
1, 0.5, 0.5, 0.5, 1, 3, 
4, 0.5, 0.5, 1, 0.5, 1, 
1, 3, 2, 0.5, 0.5, 0.5, 
1, 0.5, 0.5, 1, 3, 1, 1, 
0.5, 0.5 
BHB minor resin 
D20 516.95 517.45 20  18 38 
0.5, 0.5, 1, 2, 0.5, 1, 
0.5, 3, 0.5, 2, 0.5, 1, 
3, 1, 4, 2, 0.5, 0.5 
BHB minor resin, adsorption isotherm 517.32-517.45m 
D20 517.45 517.50           HAC   
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2.4.6. Baco 1 
Can From To 
Counts 
Vitrain size (mm) Coal type Comments Attrital Fusain Vitrain  Total 
Ba1 427.90 428.45 4  1 5 4 BMB? 
Probably BMB, was quite broken but few pieces 
showed plain matrix with thick ~ 4mm bands. 
Some whitish material in places- not calcite- 
clay? Evidence of sub-vert cleat, Base piece 
showed horizontal, ~15mm spacing. Resin 
flecks, minor, <1mm diameter 
Ba2 428.45 428.85 19  8 27 
0.5, 0.5, 0.5, 0.5, 0.5, 1, 
0.5, 1 BMB 
Thin banding, at 25cm slickenside. Well broken, 
some minor clay on cleat, sub-vert cleat some 
~1cm, ~2cm 
Ba2 428.85 429.00 13 0 13 BNB Had to break - tight 
Ba3 429.00 429.50      
very disked, some 
evidence of cleat  minor resin blobs ~1mm diameter 
Ba4 429.50 430.00      
very disked, some 
evidence of cleat  some calcite on cleat 
Ba5 430.00 430.50      
very disked, some 
evidence of cleat  disking surfaces conchoidal 
Ba6 430.50 431.00         very disked, some evidence of cleat   conchoidal disking, some minor calcite on cleat. 
 
2.4.7. Jasper 1 
Can From To 
Counts Vitrain 
size 
Coal 
type Comments Attrital Fusain Vitrain  Total 
J1 407.81 407.94      
HAC/ 
CM HAC with mudstone lenses 
J1 407.94 407.98 mst pale mudstone 
J1 407.98 408.31      
HAC/ 
CM HAC with mudstone lenses 
J2 408.31 408.81 26  1 27 0.5 BNB? 
BNB? hard to tell b/c calcite and break surfaces. Some 
calcite on cleat from 10cm heavy in bottom 10cm. 23-
38cm crushed. persistent cleat throughout, 0.5, 1, 2cm 
spacing straight, also some wavy cleat breaks at 45deg. 
J3 408.81 409.31 26  10 36 
1, 3, 1, 
0.5, 1, 
0.5, 0.5, 
0.5, 1, 0.5 
BMB 
Calcite on cleat top 5cm. Perm sample 409.16-409.31 m. 
Cleat - top 12cm rough/wavy break, rest straight 
persistant cleats sub-vert approx 3cm spacing. Minor 
resin 
J4 409.31 409.81 21  8 29 
2, 2, 0.5, 
1, 1, 0.5, 
0.5, 1 
BMB 
Base 5cm crushed. Calcite on cleat 15-45cm. The top 
5cm when cracked with a hammer was DRY inside. 
Texture difference between top and middle sections. 
Cleat 0.5, 2, 4 cm throughout some conchoidal. Top 
30cm more consolidated- not blocky break. Top 5cm 
very tight no clear cleat. minor resin 
J5 410.00 410.35       
Can't log- too broken and solid block is calcite filled. 
Calcite seen on cleat. Top 15cm all broken into blocks of 
1-2cm thickness. 
J6 410.35 410.85 31  3 34 2, 1, 1 BNB 
minor calcite on cleat ~ 5cm from top. Few bnds in 
bottom 2cm. Oil sheen when first opened.Cleat  ~4cm, 
fairly solid matrix, few wavy vertical cleats and some 
sub-vert. Minor resin 
J7 410.85 411.10 19  7 26 
2, 1, 0.5, 
0.5, 0.5, 
2, 1 
BMB Solid stick of coal 
J7 411.10 411.35 19 0 19 BNB blocky pulled apart by hand, minor resin 
J8 411.35 411.85 25  3 28 0.5, 1, 1 BNB 
Generally BNB two 3cm areas of band swarms- ~1 & 
40cm. Perm sample 409.16-409.31 
J9 412.00 412.50 42 2 44 0.5, 3 BNB very tight glassy section top 5cm 
J10 412.50 412.65 Perm sample 
Perm. Slickenside 25cm from top. Minor calcite J10 412.65 412.85 15 1 0 16 BNB 
J10 412.85 413.00 11  5 16 
2, 1, 3, 
0.5, 0.5 B<20 
J11 413.00 413.55      Banded 
Too broken to log, some calcite on cleat in lower section. 
Saw some bands 
J12 413.55 414.02      CM 
carbonaceous mudstone with coaly lenses, some evidence 
of vertical fracture, some slickenside 15 cm from top 
J13 414.02 414.40           CM 
carbonaceous mudstone with coaly lenses, some evidence 
of cleat in the top, some evidence of sub-vertical fracture, 
some slickenside 10-15 cm from top 
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2.4.8. Mimi 1 
Can From To 
Counts 
Vitrain size Coal type Comments Attrital Fusain Vitrain  Total 
M1 407.45 407.95 21 1 13 35 
1, 0.5, 1, 0.5, 1, 0.5, 
1, 0.5, 1, 2, 0.5, 1, 
0.5 
BMB 
brown streaks of calcite, also some clay on 
cleat, faces were rough, some areas more 
bands than others. 
M2 407.95 408.45 22  15 37 
2, 1, 0.5, 3, 0.5, 0.5, 
1, 1, 0.5, 0.5, 1, 2, 5, 
1, 2 
BMB thicker bands 
M3 408.45 408.98 26  11 37 
2, 3, 1, 1, 1, 2, 1, 3, 
1, 9, 2 BMB 
very difficult to find faces to log due to calcite 
throughout almost all cleats regardless of 
orientation. 
M4 409.03 409.58 22 3 25 4, 1, 1 BNB Calcite throughout. Adsorption sample 
M5 409.58 410.13 33  1 34 1 BNB 
Perm sample 409.94-410.08. Calcite on cleat 
in top 8cm, minor throughout rest 
M6 410.13 410.33 11 6 17 5, 0.5, 0.5, 1, 1, 1 BMB 
Frequent calcite throughout 
M6 410.33 410.63 17 1 2 20 1, 1 BNB 
M7 410.63 411.13 38 3 41 0.5, 1, 0.5 BNB some patches of calcite on main cleat 
M8 411.13 411.63 25 3 28 3, 0.5, 0.5 BNB minor calcite on main cleat 
M9 411.63 411.76 8 1 9 1 BNB 
  M9 411.76 412.01 9 1 8 18 1, 2, 0.5, 1, 1, 7, 1, 2 BMB 
M9 412.01 412.13 8 1 9 1 BNB 
M10 412.18 412.53 19 1 0 20 BNB Some slickensides ~17cm, some minor calcite 
on cleat M10 412.53 412.83 11  11 22 
0.5, 0.5, 1, 0.5, 1, 
0.5, 0.5, 1, 1, 1, 1 BMB 
M11 412.83 413.01 16 3 19 2, 0.5, 2 BMB 
Some calcite on cleat near top 
M11 413.01 413.15   Perm sample 
M11 413.15 413.48 14  19 33 
1, 0.5, 1, 1, 1, 1, 1, 
0.5, 0.5, 1, 0.5, 0.5, 
1, 2, 0.5, 2, 0.5, 0.5, 
1 
BHB 
M12 413.58 413.83 11  6 17 
1, 0.5, 0.5, 1, 0.5, 
0.5 D<20 Dirty, dull coal 
M12 413.83 414.08           CM Carb mudstone with plant fossils some slickenside at top and base on mst, oil staining 
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2.5. Organic petrology counts 
2.5.1. Jasper 1 Renown seam 
 
  Telinite 
Collotelinite 
A 
Collotelinite 
B 
Collotelinite 
C 
Collotelinite 
D 
Corpo-
collinite 
Pori-
gelinite 
Collo-
detrinite 
Vitro-
detrinite 
J2 2 22 5 5 14 2 13 133 160 
J3 2 17 12 11 19 7 13 173 134 
J4 5 16 7 9 95 10 21 119 146 
J5 0 9 2 3 103 9 3 121 167 
J6 2 7 5 8 46 16 6 122 153 
J7 5 5 16 6 40 8 8 140 115 
J8 0 13 5 4 31 16 2 114 185 
J9 11 15 6 8 39 7 8 141 165 
J10 1 11 7 5 27 14 5 110 204 
J11 0 9 13 9 110 7 2 103 123 
 
  Cutinite Suberinite Sporinite Resinite Liptodetrinite Semifusinite Funginite Inertodetrinite MM 
J2 2 2 3 8 48 7 15 24 35 
J3 1 5 4 2 61 3 6 20 10 
J4 2 0 0 7 31 4 8 17 3 
J5 1 3 0 6 34 5 9 21 4 
J6 0 9 2 6 50 13 21 32 2 
J7 0 7 9 17 74 8 12 27 3 
J8 1 3 12 6 47 7 16 37 0 
J9 0 3 6 8 34 7 13 29 0 
J10 0 3 6 0 55 1 20 30 1 
J11 0 5 3 12 51 2 12 33 6 
MM = mineral matter 
 
2.5.2. Mimi 1 Renown seam 
 
  Telinite Collotelinite A 
Collotelinite 
B 
Collotelinite 
C 
Collotelinite 
D 
Corpo-
collinite 
Pori-
gelinite 
Collo-
detrinite 
Vitro-
detrinite 
M1 1 11 10 7 16 10 4 84 221 
M2 2 12 28 12 40 16 6 105 176 
M3 14 9 15 7 49 12 29 158 127 
M4 2 13 11 7 33 15 7 110 173 
M5 1 14 4 7 36 17 5 127 161 
M6 4 9 8 7 43 15 0 107 156 
M7 2 14 9 6 24 9 4 135 164 
M8 4 26 8 0 14 16 6 112 200 
M9 8 17 16 7 30 14 3 133 160 
M10 1 18 15 6 32 21 2 125 190 
M11 3 3 21 9 55 7 3 155 96 
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  Cutinite Suberinite Sporinite Resinite Liptodetrinite Semifusinite Funginite Inertodetrinite MM 
M1 4 8 9 11 55 5 16 22 6 
M2 2 9 2 8 62 0 7 10 3 
M3 0 6 3 8 33 2 3 15 10 
M4 0 3 3 8 40 6 10 35 24 
M5 0 11 9 5 51 8 18 26 0 
M6 0 6 10 10 56 2 25 29 13 
M7 1 6 10 6 43 7 29 30 1 
M8 0 11 4 9 29 5 26 30 0 
M9 0 10 2 7 63 0 12 18 0 
M10 1 4 5 4 36 1 17 20 2 
M11 1 4 5 11 40 3 9 19 56 
 
2.5.3. Ruawaro 1 Kupakupa seam 
  Telinite Collotelinite A 
Collotelinite 
B 
Collotelinite 
C 
Collotelinite 
D 
Corpo-
collinite 
Pori-
gelinite 
Collo-
detrinite 
Vitro-
detrinite 
A16
* 0 3 12 8 25 2 0 46 53 
A15 0 4 16 5 41 1 1 171 131 
A14 0 7 19 5 44 2 1 142 177 
A13 0 25 13 9 46 3 3 99 165 
CRL 2 32 17 11 26 9 0 160 158 
A17 0 29 5 4 33 8 0 117 217 
A18 6 28 16 17 66 13 2 117 124 
A19 0 23 7 5 19 6 1 95 250 
A20 0 34 21 5 41 5 3 138 175 
A21 3 17 6 4 81 6 1 130 164 
A22 1 19 3 4 15 5 1 112 222 
A23 2 14 4 6 42 2 1 153 195 
A24 2 16 5 6 65 3 6 144 184 
A25 0 7 6 3 41 1 1 211 134 
A26 2 5 11 13 152 7 4 126 89 
 
 
  Cutinite Suberinite Sporinite Resinite Liptodetrinite Semifusinite Funginite Inertodetrinite MM 
A16* 5 0 5 3 32 1 3 4 48 
A15 0 6 11 2 64 2 9 17 19 
A14 1 8 2 5 60 2 7 15 3 
A13 0 10 3 13 49 2 15 31 14 
CRL 5 9 4 9 50 0 2 4 2 
A17 4 9 4 10 43 2 3 9 3 
A18 5 11 1 5 50 4 6 13 16 
A19 2 5 1 4 57 2 6 17 0 
A20 5 1 1 9 45 2 3 12 0 
A21 1 7 2 8 35 6 1 16 12 
A22 3 12 7 5 54 8 5 24 0 
A23 4 3 1 8 37 5 4 19 0 
A24 1 1 5 7 40 6 1 7 1 
A25 1 2 3 7 33 4 8 38 0 
A26 3 4 4 16 31 6 4 15 8 
*only 250 counts. 
 
 
Appendix 2: Coal petrology data 
 
Tennille Mares 336
 
2.5.4. Ruawaro 2 Kupakupa seam 
  Telinite Collotelinite A 
Collotelinite 
B 
Collotelinite 
C 
Collotelinite 
D 
Corpo-
collinite 
Pori-
gelinite 
Collo-
detrinite 
Vitro-
detrinite 
B16 1 26 15 4 41 22 0 114 191 
B17 0 12 7 5 59 10 1 170 160 
B18 0 11 15 5 53 14 0 141 165 
B19 1 5 4 2 86 5 5 188 129 
B20 1 17 1 0 36 4 0 139 216 
B21 0 15 8 10 47 8 8 130 176 
B22 0 20 19 9 31 9 2 160 159 
B23 0 21 11 7 23 9 1 188 179 
B24 1 20 16 5 47 12 1 175 154 
B25 3 14 12 9 94 14 7 164 104 
B26 0 6 15 20 82 15 3 129 89 
 
 
  Cutinite Suberinite Sporinite Resinite Liptodetrinite Semifusinite Funginite Inertodetrinite MM 
B16 0 13 0 10 36 0 2 9 16 
B17 0 4 0 3 39 1 15 14 0 
B18 2 11 1 11 54 0 7 10 0 
B19 0 4 3 8 32 0 18 10 0 
B20 0 6 1 5 41 1 14 18 0 
B21 1 7 2 2 63 1 6 16 0 
B22 2 7 1 12 39 0 9 21 0 
B23 0 11 3 4 32 0 2 9 0 
B24 1 10 1 4 31 2 10 10 0 
B25 1 4 4 8 37 0 11 13 1 
B26 3 8 6 19 74 0 1 15 15 
 
 
2.5.5. Other analysed samples 
  Telinite Collotelinite A 
Collotelinite 
B 
Collotelinite 
C 
Collotelinite 
D 
Corpo-
collinite 
Pori-
gelinite 
Collo-
detrinite 
Vitro-
detrinite 
D13 0 28 3 5 19 14 4 169 194 
D18 0 18 11 9 37 23 0 181 148 
D19 0 6 14 12 174 14 0 199 21 
C4 1 20 6 9 31 11 4 174 170 
C11 0 17 10 3 49 18 1 163 155 
 
 
  Cutinite Suberinite Sporinite Resinite Liptodetrinite Semifusinite Funginite Inertodetrinite MM 
D13 1 13 2 2 24 2 11 9 0 
D18 2 13 0 12 32 1 10 2 1 
D19 2 5 4 14 25 1 4 2 3 
C4 0 4 4 10 25 2 6 17 6 
C11 1 11 6 6 36 0 12 12 0 
 
D13, D18 and D19 are from Mangapiko 1 Kupakupa seam. 
C4 is from the Renown seam, C11 is from the Kupakupa seam at Rotongaro 1. 
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2.5.6. Percentage maceral group (mmf) Renown seam 
Location Canister Vitrinite % Liptinite % Inertinite % Reference 
Jasper  1 J2 76.56 13.55 9.89 
Jasper  1 J3 79.18 14.90 5.92 
Jasper  1 J4 86.12 8.05 5.84 
Jasper  1 J5 84.07 8.87 7.06 
Jasper  1 J6 73.29 13.45 13.25 
Jasper  1 J7 69.01 21.53 9.46 
Jasper  1 J8 74.15 13.83 12.02 
Jasper  1 J9 80.00 10.20 9.80 
Jasper  1 J10 76.95 12.83 10.22 
Jasper  1 J11 76.11 14.37 9.51 
Mimi 1 M1 73.68 17.61 8.70 
Mimi 1 M2 79.88 16.70 3.42 
Mimi 1 M3 85.71 10.20 4.08 
Mimi 1 M4 77.94 11.34 10.71 
Mimi 1 M5 74.40 15.20 10.40 
Mimi 1 M6 71.66 16.84 11.50 
Mimi 1 M7 73.55 13.23 13.23 
Mimi 1 M8 77.20 10.60 12.20 
Mimi 1 M9 77.60 16.40 6.00 
Mimi 1 M10 82.33 10.04 7.63 
Mimi 1 M11 79.28 13.74 6.98 
Rotongaro 1 C4 86.23 8.70 5.06 
TW1 10 85.86 8.08 6.06 Butland (2006) 
TW1 11 79.80 15.15 5.05 Butland (2006) 
TW1 19 79.80 12.12 7.07 Butland (2006) 
TW1 21 88.89 6.06 5.05 Butland (2006) 
Rangariri West P8 86.60 6.19 7.22 Edbrooke et al. (1994) 
Huntly East P9 83.51 4.12 12.37 Edbrooke et al. (1994) 
Weavers P10 84.38 4.17 11.46 Edbrooke et al. (1994) 
  Minimum 69.01 4.12 3.42   
Average 79.44 12.00 8.52 
Maximum 88.89 21.53 13.25 
  SD 5.17 4.19 2.91   
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2.5.7. Percentage maceral group (mmf) Kupakupa seam 
Location Canister Vitrinite % Liptinite % Inertinite % Reference 
Ruawaro 1 A15 76.92 17.26 5.82 
Ruawaro 1 A14 79.88 15.29 4.83 
Ruawaro 1 A13 74.69 15.43 9.88 
Ruawaro 1 crl 83.33 15.46 1.20 
Ruawaro 1 A17 83.10 14.08 2.82 
Ruawaro 1 A18 80.37 14.88 4.75 
Ruawaro 1 A19 81.20 13.80 5.00 
Ruawaro 1 A20 84.40 12.20 3.40 
Ruawaro 1 A21 84.43 10.86 4.71 
Ruawaro 1 A22 76.40 16.20 7.40 
Ruawaro 1 A23 83.80 10.60 5.60 
Ruawaro 1 A24 86.37 10.82 2.81 
Ruawaro 1 A25 80.80 9.20 10.00 
Ruawaro 1 A26 83.13 11.79 5.08 
Ruawaro 2 B16 85.54 12.19 2.27 
Ruawaro 2 B17 84.80 9.20 6.00 
Ruawaro 2 B18 80.80 15.80 3.40 
Ruawaro 2 B19 85.00 9.40 5.60 
Ruawaro 2 B20 82.80 10.60 6.60 
Ruawaro 2 B21 80.40 15.00 4.60 
Ruawaro 2 B22 81.80 12.20 6.00 
Ruawaro 2 B23 87.80 10.00 2.20 
Ruawaro 2 B24 86.20 9.40 4.40 
Ruawaro 2 B25 84.37 10.82 4.81 
Ruawaro 2 B26 74.02 22.68 3.30 
Rotongaro 1 C11 83.20 12.00 4.80 
Mangapiko 1 D13 87.20 8.40 4.40 
Mangapiko 1 D18 85.57 11.82 2.61 
Mangapiko 1 D19 88.53 10.06 1.41 
TW1 28 92.93 4.04 2.02 Butland (2006) 
TW1 32 87.88 8.08 4.04 Butland (2006) 
TW1 37 86.00 8.00 5.00 Butland (2006) 
TW1 43 87.00 9.00 4.00 Butland (2006) 
Rangariri West P11 89.69 2.06 8.25 Edbrooke et al. (1994) 
Huntly East P12 90.53 3.16 6.32 Edbrooke et al. (1994) 
Weavers P13 87.63 5.15 7.22 Edbrooke et al. (1994) 
Min 74.02 2.06 1.20 
Ave 83.85 11.30 4.79 
Max 92.93 22.68 10.00 
  SD 4.25 4.15 2.10   
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2.6. Porosity 
2.6.1. Jasper 1 Renown seam 
 
Pores in tissue (10 per pellet) % pores 
open 
Total 
with 
pores 
Number of 
collotelinite C & D 
% Collotelinite C 
& D with pores 
 Resin infilled Open 
J2 4 4 50.0% 8 19 42.1% 
J3 3 0 0.0% 3 30 10.0% 
J4 19 1 5.0% 47 104 45.2% 
J5 9 11 55.0% 58 106 54.7% 
J6 7 13 65.0% 35 54 64.8% 
J7 11 1 8.3% 12 46 26.1% 
J8 7 7 50.0% 14 35 40.0% 
J9 10 10 50.0% 28 47 59.6% 
J10 2 8 80.0% 10 32 31.3% 
J11 6 14 70.0% 29 119 24.4% 
 
 
2.6.2. Mimi 1 Renown seam 
Pores in tissue (10 per pellet) % pores 
open 
Total 
with 
pores 
Number of 
collotelinite C & D 
% Collotelinite C 
& D with pores 
 Resin infilled Open 
M1 0 0 0.0% 0 23 0.0% 
M2 7 3 30.0% 10 52 19.2% 
M3 8 10 55.6% 18 56 32.1% 
M4 0 9 100.0% 9 40 22.5% 
M5 15 2 11.8% 17 43 39.5% 
M6 14 6 30.0% 28 50 56.0% 
M7 2 9 81.8% 11 30 36.7% 
M8 2 2 50.0% 4 14 28.6% 
M9 9 1 10.0% 10 37 27.0% 
M10 3 11 78.6% 14 38 36.8% 
M11 7 11 61.1% 19 64 29.7% 
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2.6.3. Ruawaro 1 Kupakupa seam 
Pores in tissue (10 per pellet) % pores 
open 
Total 
with 
pores 
Number of 
collotelinite C & D 
% Collotelinite C 
& D with pores 
 Resin infilled Open 
A15 7 6 46.2% 13 46 28.3% 
A14 10 7 41.2% 17 49 34.7% 
A13 10 3 23.1% 13 55 23.6% 
CRL 4 3 42.9% 7 37 18.9% 
A17 6 6 50.0% 12 37 32.4% 
A18 13 7 35.0% 34 83 41.0% 
A19 2 3 60.0% 5 24 20.8% 
A20 6 6 50.0% 12 46 26.1% 
A21 11 9 45.0% 70 85 82.4% 
A22 5 2 28.6% 7 19 36.8% 
A23 7 9 56.3% 20 48 41.7% 
A24 5 15 75.0% 39 71 54.9% 
A25 2 14 87.5% 14 44 31.8% 
A26 7 13 65.0% 80 165 48.5% 
 
 
2.6.4. Ruawaro 1 Kupakupa seam 
  Pores in tissue (10 per pellet) % pores 
open 
Total 
with 
pores 
Number of 
collotelinite C & D 
% Collotelinite C 
& D with pores   Resin infilled Open 
B16 4 10 71.4% 14 45 31.1% 
B17 7 13 65.0% 25 64 39.1% 
B18 3 15 83.3% 25 58 43.1% 
B19 11 9 45.0% 69 88 78.4% 
B20 6 6 50.0% 12 36 33.3% 
B21 6 11 64.7% 17 57 29.8% 
B22 4 2 33.3% 6 40 15.0% 
B23 4 6 60.0% 10 30 33.3% 
B24 7 12 63.2% 21 52 40.4% 
B25 4 15 78.9% 30 103 29.1% 
B26 8 11 57.9% 19 102 18.6% 
 
 
2.6.5. Other analysed samples 
Pores in tissue (10 per pellet) % pores 
open 
Total 
with 
pores 
Number of 
collotelinite C & D 
% Collotelinite C 
& D with pores 
 Resin infilled Open 
D13 5 4 44.4% 9 24 37.5% 
D18 2 6 75.0% 8 46 17.4% 
D19 10 10 50.0% 57 186 30.6% 
C4 2 4 66.7% 6 40 15.0% 
C11 10 8 44.4% 21 52 40.4% 
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2.7. Average fluorescence data 
Jasper 1 Renown seam Ruawaro 2 Kupakupa seam 
Canister Average fluorescence %  Canister 
Average 
fluorescence % 
J2 1.396 B16 1.175 
J3 1.465 B17 1.355 
J4 1.247 B18 1.328 
J5 1.159 B19 1.080 
J6 1.442 B20 1.282 
J7 1.798 B21 1.413 
J8 1.464 B22 1.456 
J9 1.593 B23 1.469 
J10 1.442 B24 1.410 
J11 1.208 B25 1.331 
B26 1.272 
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Appendix 3: Microstructure data 
 
 
3.1. Study on the effect of background subtraction 
 
Introduction: 
 
During the data processing stage in the PRINSAS software the user is required to identify the 
amount of background to be subtracted from the dataset. This is done by moving the 
background line to where the scattering data flattens out in the high Q-region. Moving the 
background line results in the high Q-region tending towards a straight line.  
 
Aim: 
 
To examine the effects of under- and overestimating the background subtraction on 
PRINSAS calculations of pore number density, f(r), specific surface area, SSA, and porosity.  
 
Method: 
 
Different values for background were selected to be roughly symmetric around, both smaller 
and greater than, the chosen ‘actual’ background value (Table 1). These different background 
values were subtracted in the initial PRINSAS data processing stage and then the datasets 
were processed through to completion as normal. 
 
Table 1. Values chosen for background subtraction. 
 
Background value Subtraction from actual 
Percentage of actual 
value Percentage difference 
0.2946 -0.2617 53.0% -47.0% 
0.4503 -0.106 80.9% -19.1% 
0.5135 -0.0428 92.3% -7.7% 
0.5563    
0.5855 0.0292 105.2% 5.2% 
0.6412 0.0849 115.3% 15.3% 
0.7927 0.2364 142.5% 42.5% 
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Results: 
 
The effect of the different background subtractions on the scattering curve can be seen in 
Figure 1. Background subtraction only affects the high Q-region, Q > 0.1 Å-1 (25 Å) of the 
scattering curve. 
 
 
 
Figure 1.  SAXS/USAXS scattering curves corrected for different background values.  
 
 
Background correction was found to have a significant effect on the calculated histograms for 
pore size distribution (Figure 2). For pore size of 100 Å, f(r) is overestimated by two orders 
of magnitude if the largest background correction, 0.7927, is used. In contrast, for the 
smallest background correction, 0.2946, f(r) is underestimated by only one order of 
magnitude. While these values for background correction are extreme they do illustrate that 
overestimating the value for background has more effect on f(r) then underestimating. 
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Figure 2. Pore size distribution calculated for the SAXS/USAXS data. 
 
The calculated specific surface area histograms were found to be unaffected by the different 
values used for background subtraction (Figure 3).  
 
As the calculations for porosity involve f(r), the calculated total porosities have also being 
affected by the different subtracted values for background. Although variation as a result of 
the software fits to data is seen throughout the calculations (Figure 4), if only the end 
members are considered it can be seen that the smallest background subtraction results in an 
overestimation of porosity while the largest background subtraction results in an 
underestimation of porosity. In both cases porosity is miscalculated by approximately 10% 
(Table 2). 
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Figure 3.  Calculated specific surface area histograms for SAXS/USAXS data. 
 
 
 
 
Figure 4. Calculated total porosities for SAXS/USAXS data for 10 Å < r < 20,000 Å. 
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Table 2. Calculated total porosities for different background subtraction. 
 
Background 
value Porosity 
Subtraction 
from actual 
Percentage of 
actual value 
Percentage 
difference 
0.2946 0.1558 0.0149 110.6% 10.6% 
0.4503 0.1348 -0.0061 95.7% -4.3% 
0.5135 0.133 -0.0079 94.4% -5.6% 
0.5563 0.1409    
0.5855 0.1384 -0.0025 98.2% -1.8% 
0.6412 0.1357 -0.0052 96.3% -3.7% 
0.7927 0.1296 -0.0113 92.0% -8.0% 
 
 
Conclusions: 
 
Conclusions about the effect of misjudging background subtraction are: 
• It only affects the scattering curve in the Q > 0.1 Å-1 region. 
• It significant effects on the calculation of f(r), particularly for overestimates. 
• It has no effect on SSA calculations. 
• It has effects on calculations of total porosity. 
 
It is therefore important to take the time to estimate the correct background value for 
subtraction. 
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3.2. Study on the effect of scattering length density calculations 
 
Introduction: 
 
During the final data processing stage in the PRINSAS software the user is required to enter 
the already calculated scattering length density (SLD) of the sample. Knowledge of SLD 
(contrast) is essential for quantitative interpretation of absolutely calibrated small angle 
scattering (SAS) results. As the SLD is calculated with data from several different analyses 
(density, ultimate analyses- C, H, O, N, and S) it has a large potential to be affected by 
various types of error.  
 
An SLD must be calculated for both SANS and SAXS experiments as the physical property 
responsible for neutron scattering is the coherent scattering amplitude (nuclear potential), 
while for X-rays it is the electron density (Radlinski, 2006). The formula for SLDs for both 
SANS and SAXS analyses can be seen in Chapter 2. 
 
Aim: 
 
To examine the effects of under- and overestimating the SLD on PRINSAS calculations of 
pore number density, f(r), specific surface area, SSA, and porosity.  
 
Method: 
 
Different values for SLD were selected to be symmetric around, both smaller and greater 
than, the calculated ‘actual’ SLD value (Table 1). These different SLD values were input into 
the PRINSAS software when requested during data processing. Only one sample analysed 
using SAXS techniques has been used to investigate these effects. 
 
Table 1. Values used for SLD. 
 
 SLD (cm-2) 
minus 10% 7.84E+10 
minus 5% 8.28E+10 
minus 2.5% 8.49E+10 
actual 8.71E+10 
plus 2.5% 8.93E+10 
plus 5% 9.15E+10 
plus 10% 9.58E+10 
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Results: 
 
The scattering curve is not affected by SLD as the scattering curve is the measured data from 
the sample and not a calculated function.  
 
The SLD was found to have no effect on the calculation of f(r) (Figure 1) but SLD did have 
an effect on the calculation of SSA. It can be seen in Figure 2 that underestimating SLD 
results in an overestimation of SSA while overestimating SLD results in an underestimation 
of SSA. 
 
As the calculations for porosity involve SSA, the calculated total porosities have also being 
affected by the different SLD calculations. Across the board it can be seen that low SLD 
results in an overestimation of total porosity while high SLD results in an underestimation of 
total porosity (Figure 3). For the highest and lowest SLD (+/- 10%) porosity is miscalculated 
by approximately 20% (Table 2). 
 
 
 
Figure 1. Pore size distribution calculated for the SAXS/USAXS data. 
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Figure 2.  Calculated specific surface area histograms for SAXS/USAXS data. 
 
 
 
 
 
 
Figure 3. Calculated total porosities for SAXS/USAXS data for 10 Å < r < 20,000 Å. 
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Table 2. Calculated total porosities for different calculated SLD. 
 
 Porosity Subtraction from actual 
Percentage of 
actual value 
Percentage 
difference 
minus 10% 0.1403 0.0266 123.4% 23.4% 
minus 5% 0.1258 0.0121 110.6% 10.6% 
minus 2.5% 0.1196 0.0059 105.2% 5.2% 
actual 0.1137    
plus 2.5% 0.1081 -0.0056 95.1% -4.9% 
plus 5% 0.103 -0.0107 90.6% -9.4% 
plus 10% 0.094 -0.0197 82.7% -17.3% 
 
 
Conclusions: 
 
Conclusions about the effect of error in the SLD calculation are: 
• It has no effect on the scattering curve. 
• It has no effect on the calculation of f(r). 
• It effects the SSA calculations with low SLD calculations overestimating SSA and high 
SLD calculations underestimating SSA. 
• It has significant effects on calculations of total porosity. 
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3.3. Scattering data SAXS/USAXS 
3.3.1. Renown seam matrix perpendicular samples (background corrected) 
 
318 rmx ave  319 rmx ave 610 rmx ave 611 rmx ave 612 rmx ave 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.0001305 334844752 0.000157 293634202 0.0001316 293421898 0.0001381 355798150 0.0001528 215554101 
0.000143 271887104 0.0001682 227722141 0.0001422 232116838 0.0001465 282025502 0.0001676 162419395 
0.0001591 187594952 0.000177 192704502 0.0001549 173961438 0.0001568 239701755 0.0001824 123865838 
0.0002043 97273304 0.0001872 172859458 0.0001725 118908558 0.0001683 200038381 0.0001953 102752011 
0.0002197 68858264 0.0001994 140871458 0.0002094 71780063 0.0001854 158456922 0.0002064 87032924 
0.0002316 59552880 0.0002167 110480196 0.0002272 52563869 0.0002043 112388475 0.0002225 71126591 
0.0002444 56841351 0.0002352 83703794 0.0002469 40257746 0.0002264 83102104 0.0002405 57044787 
0.0002627 46809187 0.0002566 65031882 0.0002604 34742679 0.0002569 58567393 0.0002607 44703307 
0.0002864 38524530 0.00029 46822370 0.000282 28673260 0.0002775 44733734 0.0002957 31137265 
0.0003128 30364949.5 0.0003138 37949812 0.0003028 23573932 0.0002938 39854238 0.0003191 24185014 
0.0003542 22119019.5 0.0003321 32628976 0.0003354 19279442 0.0003141 33128016 0.0003461 19217266 
0.0003729 19173569.5 0.0003603 25499456 0.0003678 15565673 0.0003427 23547572 0.000374 15300752 
0.0004004 14722692.25 0.0003868 20525392 0.0003966 12609216 0.0003767 20105064 0.0004024 12070733 
0.0004302 11955756.75 0.000429 15215093 0.0004303 9612489.1 0.0004127 14864723 0.000445 8819540 
0.0004741 9019336.75 0.0004674 11466854 0.000464 7549164 0.0004455 11857220 0.0004793 6889600.7 
0.0005151 7316842.125 0.0005045 8953705.6 0.0005109 5782842.7 0.0004756 9678800.6 0.0005236 5193615.7 
0.0005588 6121460.375 0.0005665 6272923.8 0.0005494 4791894.9 0.0005144 7180754.4 0.0005862 3899720.3 
0.0006389 4313380.875 0.0006175 4749214.9 0.0006048 3744254.4 0.000565 5560040.8 0.0006262 3086526.9 
0.0006756 3280125.375 0.0006503 3910960.9 0.0006643 2852232 0.0006094 4589055.6 0.0006764 2403824.9 
0.000713 2930638.813 0.0007088 2967844.9 0.000707 2269653.8 0.0006659 3370760.1 0.0007347 1954967.1 
0.0007881 2253681.813 0.0007794 2218560.5 0.0007791 1667846.6 0.0007349 2375325.7 0.0007743 1590020.7 
0.0008263 2065701.313 0.0008333 1775470.3 0.0008317 1394045 0.0007768 2028378.3 0.0008317 1258285.9 
0.000895 1535656.156 0.0008927 1433035.7 0.0008977 1199811 0.0008319 1637068.7 0.000896 1004320.6 
0.0009552 1334984.719 0.0009669 1150238.6 0.0009601 947480.05 0.0008985 1304514.4 0.0009651 794130.06 
0.0010311 1113390.75 0.001057 905114.99 0.0010372 702056.88 0.0009635 1051432.4 0.0010478 619961 
0.0011255 842004.375 0.0011441 718557.55 0.0011402 594630.11 0.0010472 843091.81 0.0011436 486915.24 
0.0012385 646232.3906 0.0012426 553197.44 0.0012287 470895.67 0.001116 728348.68 0.00123 396645.69 
0.0013185 532876.1719 0.0013187 469602.03 0.0013141 381863.48 0.001217 535045.87 0.0013265 308699.09 
0.0014061 450227.2656 0.0014163 379036.41 0.0014191 297171.93 0.0013204 390371.38 0.0014157 249429.55 
0.0015059 374399.3125 0.0015247 299874.81 0.0015197 252798.51 0.0014084 325542.52 0.0015166 204805.63 
0.0016331 292934.6641 0.0016433 244720.89 0.0016469 212788.81 0.0015182 256420.53 0.001643 162057.32 
0.0017897 227772.9141 0.0017771 196371.28 0.0017876 173535.51 0.0016292 194737.66 0.0017812 132369.52 
0.0019303 181430.5625 0.0019132 158979.23 0.001919 139233.03 0.0017414 170225.82 0.001918 108017.6 
0.00206 159138.5625 0.0020526 128157.21 0.0020571 116466.37 0.0018838 131429.24 0.0020539 86144.42 
0.002199 123965.3125 0.0022038 103903.45 0.0022151 94580.191 0.0020395 105771.49 0.0022028 70154.876 
0.0023694 91531.82031 0.0023709 83802.176 0.0023779 75318.469 0.002186 87164.912 0.0023682 56766.621 
0.0025399 72601.71484 0.0025483 66771.066 0.0025429 60480.794 0.0023435 67201.062 0.0025482 44846.122 
0.0027213 56834.28125 0.0027425 53787.536 0.0027409 50415.909 0.0025405 49512.596 0.0027343 36866.31 
0.0029383 45133.90039 0.0029434 43175.737 0.0029488 42508.5 0.0027141 41690.141 0.0029412 29370.532 
0.0031646 35974.23535 0.0031858 34387.249 0.0031641 33533.202 0.0029143 34136.679 0.0031684 23854.714 
0.0033945 30350.55078 0.0034098 28011.055 0.0034108 26254.188 0.0031449 26747.785 0.0034228 18789.848 
0.0036526 23974.65088 0.00368 22199.29 0.0036631 21531.219 0.0033658 21008.109 0.003666 14790.878 
0.0039249 19099.36084 0.0039546 17694.724 0.0039418 18355.434 0.0036267 17081.218 0.0039374 12338.102 
0.0042288 14881.86377 0.0042649 14192.594 0.004245 14680.194 0.003903 12866.093 0.0042435 9898.7241 
0.0045787 12397.98657 0.0045734 11397.537 0.0045686 11877.08 0.0041937 10555.838 0.0045729 8047.7479 
0.0048988 8851.634277 0.0049275 9174.7196 0.0049229 9499.8664 0.0045174 9145.7632 0.0049199 6509.5485 
0.0053077 6996.885254 0.0053031 7315.9496 0.005293 7588.8318 0.0048596 7518.5498 0.0053021 5258.8995 
0.0056753 6117.297119 0.0057027 5804.8688 0.0056932 6752.6691 0.0052379 5916.0135 0.0057096 4203.6498 
0.0060972 4666.798706 0.0061219 4739.9633 0.0061185 5167.6181 0.0056256 4752.3542 0.0061193 3521.5336 
0.0065575 3820.888672 0.0065701 3895.3396 0.0065754 4249.9149 0.0060473 3789.4744 0.0065568 2894.8441 
0.0070454 3165.699707 0.0070664 3113.504 0.0070846 3552.4478 0.0065035 3088.418 0.0070566 2318.0514 
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0.0075984 2738.745667 0.0076059 2532.6047 0.007626 2912.9381 0.0069873 2492.5554 0.0076013 1863.6813 
0.0081707 2103.889648 0.0081894 2066.4812 0.0081964 2419.8313 0.0075266 2128.5048 0.0081804 1524.2976 
0.0087841 1635.824219 0.0088043 1680.0096 0.0088163 1971.3397 0.0081091 1720.6216 0.0087993 1253.353 
0.0094374 1317.689392 0.0094717 1371.0764 0.0094771 1562.0842 0.0087114 1308.0393 0.0094549 1013.5908 
0.0101463 1101.292816 0.0101806 1128.8379 0.0101846 1379.5394 0.0093563 1081.1637 0.0101691 837.83575 
0.0109058 940.8137207 0.0109401 930.09982 0.0109476 1109.656 0.0100545 958.45378 0.0109403 697.15314 
0.0117251 712.3686218 0.0117763 764.02827 0.0117708 906.42075 0.0108019 767.50447 0.011748 584.61155 
0.0126107 601.4589844 0.0126455 635.0924 0.0126549 779.51902 0.011621 603.07396 0.0126449 476.92261 
0.013554 516.4409943 0.0135977 527.59402 0.0135972 635.11508 0.0124924 524.42195 0.0135767 401.47841 
0.0145512 402.0792389 0.014598 439.00446 0.0146059 538.39163 0.0134219 435.7369 0.0145829 336.33064 
0.0156457 333.6885376 0.0156888 371.79955 0.0157066 447.83533 0.0144261 370.87059 0.0156671 283.76721 
0.0168267 318.245842 0.0168578 311.11529 0.0168776 391.06113 0.0155003 308.58734 0.0168479 236.91134 
0.0180731 250.3513412 0.0181269 264.72568 0.0181285 335.32161 0.0166519 269.286 0.0181099 194.97738 
0.019412 228.4393463 0.0194729 224.39896 0.0194783 282.05935 0.0179085 232.21682 0.0194629 162.24168 
0.0208578 205.7018967 0.0209184 191.70628 0.0209301 240.96438 0.019224 193.29207 0.0209004 139.54682 
0.0224211 167.897995 0.0224666 165.8272 0.0224854 209.36332 0.0206572 171.07806 0.0224461 119.04928 
0.024074 139.5827484 0.0241306 143.57144 0.0241599 173.97908 0.022188 147.1463 0.0241142 100.30871 
0.0258781 137.769249 0.0259332 124.42238 0.0259722 151.74984 0.0238503 122.27254 0.0259101 83.307654 
0.0278257 120.9891434 0.0278643 108.07218 0.0279031 133.47028 0.0256155 105.31296 0.0278472 70.932327 
0.0298662 99.95461273 0.0299378 93.532825 0.0299665 116.04162 0.027527 96.394922 0.0299133 60.446288 
0.0320903 88.46973801 0.0321804 81.312856 0.0322065 101.06779 0.0295878 82.142099 0.0321411 52.245739 
0.0344945 75.16049576 0.0345855 71.329021 0.0346141 86.896362 0.0317721 66.617103 0.0345582 43.830078 
0.0370975 67.61663818 0.0371693 62.016312 0.0372055 75.630948 0.0341378 61.75872 0.0371387 37.067851 
0.039857 59.47028732 0.0399334 53.174783 0.0399713 63.559783 0.0366864 50.543777 0.0399026 30.902547 
0.0428153 53.07132339 0.042912 45.769325 0.0429641 54.296369 0.0394439 42.963794 0.0428681 25.322317 
0.0460462 47.44586754 0.0461125 38.895435 0.0461839 46.77925 0.0423889 38.085747 0.0460726 21.246623 
0.049469 39.0237484 0.0495609 33.255838 0.0496167 38.027687 0.0455397 32.585495 0.0495158 17.439983 
0.0531553 34.1518631 0.0532666 27.8473 0.0533247 32.026667 0.0489478 27.261927 0.053212 14.167925 
0.0571253 28.3554039 0.0572421 23.259504 0.0573044 27.474321 0.0526156 22.408673 0.0571866 11.516354 
0.0613858 23.18389225 0.0615202 19.049258 0.0615808 22.462772 0.0565314 18.079606 0.0614557 9.440655 
0.0659777 18.97757339 0.0661333 15.628494 0.0661926 18.35731 0.0607557 15.469468 0.0660577 7.5694101 
0.0709326 15.28040838 0.0710816 12.763088 0.0711589 14.845326 0.0652961 12.555999 0.0710266 6.0721832 
0.0762665 12.29179382 0.0764277 10.157278 0.0765011 11.925931 0.0701858 9.9115539 0.0763435 5.1219352 
0.0819807 9.779187202 0.0821757 8.1561138 0.0822626 9.7218044 0.0754657 7.8707588 0.0820832 3.9202504 
0.0881839 7.772672415 0.0883586 6.3183687 0.088444 7.6246794 0.0811231 6.0606008 0.088275 3.031455 
0.094777 6.097415686 0.0949799 4.9867487 0.0950566 6.0283978 0.0872242 4.8164558 0.0949014 2.3711059 
0.1018604 4.793001652 0.1020756 3.8704851 0.1021566 4.5909629 0.0937759 3.8183727 0.1019667 1.8208115 
0.1094499 3.678177595 0.1096727 3.0270598 0.1097621 3.6653169 0.1007738 2.9598823 0.1095553 1.4464502 
0.1175727 2.797086596 0.1178144 2.3396327 0.1179251 2.7784089 0.1082788 2.3699924 0.1176994 1.1189409 
0.1262894 2.138489008 0.1265623 1.7960926 0.1266609 2.1823612 0.1163164 1.8320603 0.1264235 0.8595505 
0.1356406 1.611746609 0.135918 1.3932341 0.1360552 1.6802816 0.1249644 1.4194817 0.1357971 0.6816834 
0.1456948 1.264167547 0.1459877 1.0668733 0.1461264 1.2867149 0.1342166 1.0751081 0.1458452 0.5422685 
0.1564612 0.935303599 0.1567885 0.8349346 0.1569412 0.9665136 0.1441517 0.8242227 0.1566419 0.4140558 
0.1680649 0.753359109 0.1684265 0.656208 0.1685906 0.7910443 0.154832 0.6410279 0.1682534 0.34084 
0.1805386 0.581523091 0.1809316 0.5084964 0.1811031 0.6001377 0.1662986 0.4936325 0.1807612 0.2570596 
0.1939697 0.493081599 0.1943909 0.411178 0.1945803 0.4858903 0.1786365 0.3931182 0.1941905 0.2301883 
0.2084324 0.422877103 0.2088371 0.3382036 0.2090431 0.3800686 0.1919186 0.3187049 0.2086284 0.1878202 
0.2238859 0.352418572 0.224405 0.276759 0.224606 0.3264397 0.2062118 0.2741236 0.2241608 0.1703538 
0.2406611 0.283821225 0.2411174 0.232178 0.2413643 0.2594766 0.221555 0.2175342 0.2408769 0.1385124 
0.2585526 0.23470068 0.2591288 0.1912482 0.2593611 0.2069653 0.2380578 0.1770014 0.2588543 0.1180368 
0.2779226 0.218640268 0.2784816 0.159636 0.2787624 0.1757086 0.2558474 0.1605304 0.2781899 0.106285 
0.2986818 0.168535948 0.2992961 0.1415059 0.2996026 0.1580291 0.2749303 0.126601 0.2989938 0.0900175 
0.3210166 0.134346187 0.3216356 0.1261503 0.3219653 0.139263 0.2954754 0.0995246 0.3213202 0.0857582 
0.3449194 0.140452385 0.3456915 0.1084988 0.3460289 0.125275 0.3175976 0.0934031 0.345293 0.0729974 
0.3707666 0.097415 0.3714895 0.0922597 0.3718988 0.1035478 0.3413104 0.0787605 0.3711157 0.0707637 
0.3984385 0.103898495 0.3991465 0.0706118 0.3995485 0.0983959 0.3667281 0.0741758 0.3987896 0.0596779 
0.4279407 0.079888731 0.4287962 0.0589694 0.4292055 0.0813751 0.3941167 0.062149 0.428364 0.0478143 
0.45965 0.091825336 0.4605951 0.0473811 0.4610832 0.0762292 0.4234433 0.0524675 0.4517042 0.0403709 
0.4938024 0.086704344 0.4710006 0.0551541 0.4608867 0.0905593 0.4358908 0.0392734 0.4852416 0.0349953 
0.4937665 0.0476073 0.459667 0.108888 0.4682228 0.0324811 0.4937948 0.0450085 
0.4938194 0.0926898 0.49384 0.0310277 
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3.3.2. Renown seam matrix parallel samples (background corrected) 
318 rmp ave 319 rmp ave 610 rmp ave 611 rmp ave 612 rmp ave 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.0001215 790053690 9.941E-05 2.372E+09 0.0001303 636355632 0.0001271 237094723 0.0001267 237551334 
0.0001327 601065027 0.0001077 1.776E+09 0.0001526 449573222 0.0001522 136164742 0.0001403 167604461 
0.0001452 434208006 0.0001207 1.305E+09 0.0001632 315513562 0.000171 98294482 0.0001644 104544166 
0.0001576 320923904 0.0001309 940792371 0.0001729 270747878 0.0001846 76463096 0.0001905 66867139 
0.0001759 238495394 0.0001421 699551712 0.0001835 221035866 0.0001986 65370731 0.0002021 57808276 
0.0001979 163643113 0.000157 505337926 0.0001975 159967466 0.0002145 51619288 0.0002161 46353914 
0.0002253 108057746 0.0001863 288917478 0.0002145 119990911 0.0002314 39880794 0.0002341 38558790 
0.0002403 91235872 0.0002088 207286122 0.0002331 89585126 0.0002518 31785722 0.0002516 30884860 
0.0002618 73574980 0.0002201 177087278 0.0002595 60577789 0.000273 26220590 0.0002679 26269776 
0.0002829 58402566 0.0002329 142071379 0.0002886 45590386 0.0003051 18739517 0.000294 19928454 
0.0003012 51982913 0.0002531 110374901 0.0003125 34438524 0.0003379 13037377 0.0003389 12683521 
0.0003294 43238889 0.0002713 90471512 0.000334 28298826 0.0003632 10673040 0.0003627 10049016 
0.0003746 29926687 0.0002879 74533714 0.0003597 23247918 0.0003997 8087108.6 0.0003919 7537390.5 
0.0004029 23283176 0.000329 50822404 0.0003913 17466332 0.0004363 6281059.9 0.0004293 5529028.1 
0.0004344 18118317 0.000364 37505723 0.0004292 13455016 0.0004863 4605742.5 0.0004903 3229494.1 
0.0004891 12918993 0.0003904 32332346 0.0004713 10046368 0.0005184 3721886.3 0.0005172 2838518.3 
0.0005365 9488138.5 0.0004215 26335278 0.000515 7623586.2 0.0005519 3077437.3 0.0005456 2414952.9 
0.0005647 8241156.4 0.0004709 18755495 0.0005683 5899828.2 0.0005907 2508980.7 0.0005856 1885861.3 
0.0006038 6794531.2 0.0005203 13823051 0.0006191 4615658.7 0.000646 1836830.9 0.0006409 1328307.9 
0.0006573 4892288.6 0.0005471 11581151 0.0006607 3725066.7 0.0007015 1382107.3 0.0006894 1056295.7 
0.0006965 4193471.7 0.0005829 9681231.4 0.0007107 3028098.9 0.0007579 1083924.7 0.0007456 774407.01 
0.0007423 3562722.3 0.0006439 7343477.1 0.0007638 2400297.3 0.0008082 917113.03 0.0007976 587307.17 
0.0007984 2852350.5 0.0007067 5290413.3 0.0008142 1967920.9 0.0008713 725610.09 0.0008549 485994.52 
0.0008479 2205739 0.0007722 4071088.5 0.0008745 1591137 0.0009498 565963.07 0.0009317 355846.96 
0.0009194 1822565.2 0.0008153 3299690.2 0.0009428 1232737.8 0.0010266 439726.54 0.0010205 273207.01 
0.0009937 1420192.2 0.0008679 2732591.9 0.0010278 975342.81 0.0011054 353213.73 0.0010938 218987.54 
0.0010823 1078800.7 0.0009526 2015864.3 0.0011267 755563.38 0.0011768 290955.31 0.0011706 168387.28 
0.0011674 844526.81 0.001051 1537350.7 0.0012178 596564.21 0.0012559 232878.45 0.0012427 129879.84 
0.0012484 681823.84 0.0011157 1296607.9 0.0012966 497133.66 0.0013499 188134.58 0.001323 112232.27 
0.0013309 544127.72 0.0012086 1010371.4 0.001392 389218.51 0.0014515 153196.81 0.0014279 86836.661 
0.0014122 446148.49 0.0012673 830596.79 0.0014928 306649.19 0.0015692 120608.69 0.0015372 66617.173 
0.0015177 370043.03 0.0013593 653349.21 0.0016081 254890.61 0.0016846 97442.695 0.0016624 53214.291 
0.0016491 278826.12 0.0014571 545741.57 0.0017441 203352.69 0.0018062 79610.02 0.0017732 42725.009 
0.001777 223588.22 0.001566 423069.9 0.0018807 158673.38 0.0019182 66762.392 0.0018961 36521.957 
0.0019008 181888.18 0.0016987 333779.81 0.0020184 130423.3 0.0020521 54187.548 0.002027 28929.275 
0.0020298 150122.49 0.0018218 281837.85 0.002165 106516.68 0.0021995 43121.478 0.0021734 22597.104 
0.0021773 118475.86 0.0019435 232394.53 0.0023278 84890.428 0.0023575 34739.713 0.0023282 18525.54 
0.0023317 96259.711 0.0020775 179415.93 0.0025076 67202.009 0.0025288 28016.318 0.0024819 14866.816 
0.002487 78659.295 0.0022322 139627.63 0.002695 56044.132 0.0027117 22967.126 0.002673 11716.78 
0.0026759 63712.941 0.002388 118478.73 0.0028928 45865.518 0.0028995 18799.004 0.0028639 9525.2861 
0.0028693 50420.312 0.0025417 99495.817 0.0031213 36290.262 0.0031052 15579.954 0.0030634 7963.4762 
0.0030496 42709.661 0.0027576 74827.586 0.0033575 29470.999 0.0033281 12760.429 0.0032877 6704.9449 
0.0032791 33558.252 0.0029316 62327.373 0.0036166 23379.23 0.0035784 10191.531 0.003512 5374.7862 
0.003522 27422.304 0.0031292 50039.272 0.0038931 18844.631 0.0038228 8433.557 0.0037766 4466.7596 
0.0037834 21860.838 0.0033786 39584.546 0.0041926 15199.637 0.0041022 6994.6796 0.0040487 3666.813 
0.0040485 17945.096 0.0036018 31909.706 0.0044999 12543.391 0.0043944 5810.9566 0.0043398 3036.5027 
0.0043467 14664.104 0.0038915 25452.904 0.0048411 10231.705 0.0047194 4710.0557 0.0046492 2501.2841 
0.0046535 12005.146 0.0041515 20112.144 0.005213 8185.6148 0.0050613 3937.9463 0.0049969 2082.1465 
0.0049784 10196.277 0.0044655 15831.323 0.0056143 6752.0097 0.0054228 3279.2871 0.0053494 1703.3006 
0.0053356 8180.3176 0.0047663 12935.269 0.0060272 5450.6446 0.005797 2719.8043 0.0057195 1391.135 
0.0057152 6252.3042 0.0051206 10582.882 0.0064629 4591.1727 0.0062063 2255.5708 0.0061251 1201.9932 
0.0061237 5342.4533 0.0054743 8665.9983 0.006948 3699.3242 0.0066408 1908.5998 0.0065577 1002.897 
0.0065687 4496.6182 0.005871 7204.2795 0.007481 3056.2158 0.0071096 1571.4966 0.0070134 843.01161 
0.0070151 3784.0687 0.0062924 5983.2353 0.0080564 2518.8813 0.0076279 1327.7256 0.0075044 726.53612 
0.0074997 3203.383 0.0067345 4841.5129 0.0086705 2039.8226 0.0081632 1143.0649 0.0080459 622.97853 
0.0080369 2643.4737 0.0071948 3856.9074 0.0093217 1702.1693 0.0087509 956.15092 0.0086309 524.21617 
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0.0086175 2236.0037 0.0077065 3307.4497 0.0100183 1419.9541 0.0093782 797.90476 0.009244 451.92878 
0.0092391 1897.0404 0.0082629 2823.2195 0.0107736 1184.8104 0.0100495 678.39861 0.0098995 385.05923 
0.0099047 1551.3714 0.0088677 2342.0376 0.0115856 976.5973 0.0107409 583.88611 0.0105896 331.3382 
0.0106018 1297.0012 0.0094872 1952.2034 0.0124524 821.16873 0.0114948 504.24606 0.0113264 287.39891 
0.0113357 1062.9354 0.0101684 1613.8622 0.0133869 680.40637 0.0123124 428.21841 0.0121333 241.20897 
0.0121375 915.22123 0.0108685 1360.2506 0.0143725 575.90787 0.0131884 367.26552 0.0129926 208.37135 
0.0129967 812.00461 0.0116278 1152.5626 0.0154438 485.67922 0.01411 314.19384 0.0139056 179.65991 
0.013911 681.95316 0.0124627 972.47332 0.0166017 409.66074 0.0151022 275.29416 0.0148876 153.28903 
0.0148961 584.79307 0.0133422 833.31703 0.0178481 347.57137 0.0161741 232.80392 0.0159482 132.51799 
0.0159532 501.0315 0.0142759 692.90151 0.0191778 290.95441 0.0173143 199.8925 0.0170802 115.43933 
0.0170929 431.4149 0.0152871 591.39633 0.0206024 248.61453 0.0185198 174.0746 0.0182692 99.566882 
0.018258 363.87932 0.0163847 502.13384 0.0221255 210.65423 0.0198094 150.33304 0.0195333 84.478786 
0.019531 305.45994 0.017542 433.59918 0.0237664 178.79897 0.0212034 130.34708 0.0209124 71.848895 
0.0209259 262.41728 0.0187454 371.88925 0.0255379 149.87148 0.022687 111.35341 0.0223624 63.479832 
0.0223735 228.9693 0.0200532 323.065 0.0274438 125.78375 0.0242658 96.144832 0.0239218 54.326467 
0.0239336 200.40538 0.0214842 275.07478 0.0294877 107.11413 0.0259606 82.805962 0.0255891 46.305288 
0.0255992 173.56874 0.0229449 233.49778 0.0316885 89.331958 0.0277771 70.267606 0.0273847 39.666318 
0.0273856 148.58629 0.0245732 203.329 0.0340646 73.540434 0.0297352 59.559277 0.0293129 34.116096 
0.0293166 129.65732 0.0262686 169.38366 0.036614 61.669382 0.0318202 50.493661 0.0313705 28.930793 
0.0313771 110.77396 0.0281229 142.7783 0.0393378 51.108233 0.034055 42.60765 0.0335679 24.174506 
0.0335775 92.69269 0.0300992 122.22432 0.0422669 41.324331 0.0364544 35.166973 0.0359336 20.444163 
0.0359379 80.196413 0.0322121 104.44797 0.0454207 33.70107 0.039022 29.348784 0.0384763 16.919921 
0.0384589 67.790407 0.0344707 87.996466 0.0488172 27.39799 0.0417539 24.124314 0.0411604 13.903402 
0.0411509 57.348721 0.0369057 72.912822 0.0524642 21.675053 0.0446889 19.954359 0.044046 11.650724 
0.0440543 47.258698 0.0395109 60.53978 0.0563829 17.072597 0.0478353 16.124891 0.047153 9.7022579 
0.0471501 39.023433 0.0422544 49.899337 0.0605923 13.571195 0.0511928 13.059413 0.0504624 7.8531445 
0.0504545 31.900694 0.0452435 40.449396 0.0651249 10.74749 0.0547959 10.51143 0.0540162 6.5069324 
0.0540062 25.947921 0.048418 33.007198 0.0700106 8.3306761 0.0586488 8.3807916 0.0578185 5.1322804 
0.0578154 21.049789 0.051816 26.327276 0.0752733 6.5248082 0.0627704 6.7819757 0.0618679 4.0764284 
0.0618755 16.827257 0.0554658 21.177013 0.0809288 5.0946182 0.0671991 5.3171759 0.0662368 3.4007161 
0.0662472 13.257817 0.0593706 17.166444 0.0870201 3.8991305 0.0719376 4.2482885 0.0709166 2.6570041 
0.0709222 10.639894 0.0635353 13.48975 0.0935538 3.0221264 0.0770151 3.4012104 0.0759086 2.2313483 
0.0759226 8.4319832 0.0680385 10.61019 0.1005417 2.3185887 0.0824717 2.6728486 0.0812816 1.8334045 
0.0813033 6.6301242 0.0728328 8.3724246 0.1080286 1.7926808 0.0883162 2.1376694 0.0870513 1.3859248 
0.0870639 5.2644679 0.0779633 6.5895761 0.1160616 1.3845196 0.0945455 1.695239 0.0932 1.0879462 
0.0932108 4.1349406 0.0834983 5.0702154 0.124667 1.0696887 0.1011913 1.3418564 0.0997486 0.901755 
0.0997616 3.1959593 0.0894246 3.9818058 0.1338945 0.8271306 0.1082958 1.0774786 0.1067554 0.7012793 
0.106768 2.522789 0.095722 3.073462 0.1438138 0.6483232 0.1158725 0.8724038 0.1142281 0.5882272 
0.1142389 1.9762308 0.102436 2.4015944 0.1544562 0.5066686 0.1239718 0.6909614 0.1221994 0.46178 
0.1222099 1.582742 0.1096352 1.8619028 0.1659109 0.4066321 0.1326063 0.5649309 0.1307414 0.3870886 
0.1307271 1.2404322 0.1172897 1.510384 0.1782322 0.3152981 0.141835 0.4482131 0.1398444 0.3132187 
0.1398416 0.9847764 0.1254716 1.1736704 0.1914892 0.2679806 0.1517131 0.3824597 0.1495771 0.2572066 
0.1495906 0.7857594 0.1342318 0.9155126 0.2057241 0.2194607 0.162304 0.3147831 0.1600184 0.2269774 
0.16003 0.6361576 0.1435711 0.7457746 0.2210361 0.1867265 0.1736469 0.2554552 0.1711972 0.1942567 
0.1711947 0.51911 0.1535831 0.5906438 0.2375151 0.1523252 0.185799 0.2172711 0.183165 0.1613931 
0.1831733 0.4303553 0.1643074 0.481228 0.2552461 0.1278654 0.1988112 0.1840055 0.196002 0.1423578 
0.1960159 0.3600299 0.1757843 0.3915444 0.2743069 0.1061065 0.2127388 0.1612513 0.2097305 0.1249166 
0.2097431 0.2967254 0.1880849 0.3190094 0.294812 0.0934755 0.227639 0.1391428 0.2244068 0.1093341 
0.2244241 0.2568289 0.2012812 0.2770911 0.3168384 0.0868602 0.2436096 0.1110586 0.2401598 0.0980836 
0.2401822 0.2257777 0.2153618 0.2293687 0.3405157 0.067411 0.2607325 0.0997735 0.2570249 0.0877458 
0.2570509 0.1994829 0.2304394 0.205931 0.3659428 0.0617697 0.2790629 0.0852978 0.2750925 0.0626447 
0.2751151 0.1661168 0.2466478 0.1831453 0.3932317 0.0445791 0.2987115 0.0640402 0.2944695 0.0632444 
0.2944855 0.1397366 0.2639523 0.1483195 0.4224346 0.0370417 0.3197241 0.0563265 0.3151978 0.0426003 
0.3152154 0.1268811 0.2825262 0.1236974 0.4537486 0.0338313 0.3421916 0.0464481 0.3373247 0.0365934 
0.3373543 0.1134504 0.3024355 0.1116741 0.4766762 0.0291666 0.3662408 0.0286366 0.3586151 0.0326026 
0.3610938 0.0907118 0.323713 0.0985853 0.4937552 0.0404798 0.3919418 0.038329 0.3838311 0.0275124 
0.3864691 0.0699012 0.346413 0.0744305     0.4106411 0.027775     
0.4060817 0.0705434 0.3708393 0.0661722     0.4244613 0.0218051     
0.4245202 0.0643582 0.3968429 0.0503878         
    0.4244956 0.0537329             
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3.3.3. Kupakupa seam matrix perpendicular samples (background corrected) 
320 kmx ave 321 kmx ave 322 kmx ave 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.0001398 298604042 0.0001571 420337635 0.0001602 335368080 
0.0001632 172448960 0.0001724 310029786 0.0001737 282547624 
0.0001755 134564522 0.0001819 248378438 0.0001835 238931648 
0.0001853 114308870 0.0001921 208535040 0.0001938 207280874 
0.0001975 97881291 0.0002046 176938216 0.0002089 175116602 
0.0002119 81257409 0.0002217 142623898 0.0002258 143823944 
0.0002297 66761916 0.0002406 112587531 0.0002453 117653788 
0.0002528 52990956 0.0002654 87133304 0.0002755 86269046 
0.0002786 42272858 0.0002957 65435836 0.0003 69678627 
0.0003116 32265030 0.0003274 48774292 0.0003228 59137547 
0.0003361 26121936 0.0003487 41733860 0.0003482 48424025 
0.0003606 22103436 0.0003761 34343922 0.0003716 42176846 
0.0003914 18187545 0.0004106 26491343 0.000411 32904612 
0.0004253 14649131 0.0004462 21485215 0.000442 26017807 
0.0004665 11598163 0.0004899 15779989 0.0004852 20068507 
0.0005112 9064272.1 0.0005341 12335137 0.0005393 15117544 
0.0005557 7302824.4 0.0005846 9513952.9 0.0005776 12954856 
0.0006147 5647210 0.000644 6982706.5 0.0006327 10364281 
0.0006596 4469574.5 0.0006872 5772656.2 0.000686 7756171.5 
0.0007036 3755378.1 0.0007329 4645591.3 0.0007333 6399141.4 
0.0007624 3080156.5 0.0007938 3519263.3 0.0007999 4908076 
0.0008138 2538690.7 0.0008439 2905277.7 0.0008511 3965554.3 
0.0008724 2132654.7 0.0009091 2354483.9 0.0009181 3152813.3 
0.0009398 1753147.9 0.0009817 1881866.7 0.0009939 2476496.5 
0.0010154 1419379.5 0.0010619 1505473.7 0.0010786 1971480.3 
0.0011084 1149881.3 0.0011592 1151984.7 0.0011653 1561875.7 
0.0011989 937210.01 0.0012579 878557.9 0.0012678 1211858.1 
0.0012911 744439.17 0.0013385 715364.04 0.001345 1014118.7 
0.0013866 619572.79 0.0014376 562901.16 0.0014492 806792.77 
0.001487 510660.82 0.0015491 443555.43 0.0015638 638094.06 
0.001598 424412.6 0.0016686 350620.07 0.0016792 508684.55 
0.0017217 345812.17 0.0018023 277176.07 0.0018103 405126.3 
0.0018607 279764.61 0.0019414 219177.73 0.001952 328082.7 
0.0020037 226859.83 0.0020848 175278.91 0.0020983 259236.1 
0.0021483 183937.34 0.0022372 141765.63 0.0022523 215104.33 
0.0023064 152297.18 0.002404 113249.41 0.0024194 172125.73 
0.0024832 124094.46 0.0025854 90799.556 0.0026005 134849.72 
0.0026696 99647.115 0.0027847 71997.368 0.0028016 108851.08 
0.0028791 80808.694 0.0029943 58310.428 0.0030136 87797.5 
0.0030816 64989.055 0.0032208 45670.455 0.0032485 69016.743 
0.0033201 52835.029 0.0034614 36244.768 0.0034766 56041.426 
0.0035815 42821.505 0.0037319 28554.119 0.003758 43824.917 
0.0038559 34155.231 0.0040102 22783.765 0.0040369 35408.024 
0.0041389 27563.782 0.0043255 17982.065 0.0043509 28517.089 
0.0044625 22394.752 0.004652 14204.361 0.004673 22788.144 
0.0048009 18159.826 0.0050108 11606.325 0.0050383 18392.915 
0.0051555 14672.167 0.0053818 9272.976 0.0054076 14873.145 
0.005548 11858.745 0.0057896 7360.7098 0.0058127 11914.489 
0.0059722 9466.8144 0.0062205 6046.8311 0.0062507 9481.9222 
0.0064138 7616.5152 0.0066794 4948.5664 0.0067162 7668.1735 
0.0068839 6172.85 0.0071777 4050.7505 0.007217 6262.671 
0.0074028 4994.6915 0.0077261 3310.8237 0.0077692 5026.3804 
0.0079682 4084.4633 0.0083158 2733.3375 0.0083608 4124.547 
0.0085781 3262.9619 0.0089441 2215.4638 0.0089869 3303.2841 
0.0092264 2692.0299 0.0096229 1853.4078 0.0096783 2717.7513 
0.0099147 2205.9599 0.0103398 1519.127 0.010389 2228.9719 
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0.0106623 1820.9595 0.0111186 1260.8804 0.0111723 1838.1689 
0.0114641 1478.2289 0.011958 1028.6846 0.0120223 1484.3841 
0.0123217 1214.2427 0.0128445 858.23855 0.0129001 1231.1629 
0.0132447 994.99751 0.0138121 712.10126 0.0138788 1013.6698 
0.0142359 819.48597 0.0148341 582.34588 0.0149077 825.8262 
0.0152876 680.00955 0.0159385 501.68395 0.0160178 694.08025 
0.0164289 564.77823 0.0171354 416.28675 0.0172124 580.32951 
0.0176567 468.07818 0.0184167 352.0881 0.0185025 483.19792 
0.0189748 394.59937 0.0197852 298.91115 0.0198721 404.42194 
0.0203927 329.54877 0.0212549 252.04022 0.0213533 341.13751 
0.0219007 277.27667 0.0228272 214.24408 0.0229331 287.96273 
0.0235221 230.65592 0.0245243 184.02084 0.0246344 245.21027 
0.0252685 198.04998 0.0263488 157.9708 0.0264675 208.63705 
0.0271469 166.69995 0.0283077 134.08584 0.0284351 178.19463 
0.0291836 142.28409 0.0304226 114.25376 0.0305632 151.3486 
0.0313577 121.47518 0.0326972 97.77999 0.032849 130.33727 
0.0336914 102.95107 0.03514 84.02555 0.0352923 111.48684 
0.0362136 87.569089 0.0377686 71.638541 0.0379339 94.850826 
0.038923 75.377982 0.0405823 61.102431 0.0407614 81.325484 
0.0418182 63.952477 0.0436055 50.943729 0.0438004 69.786771 
0.0449304 54.224744 0.0468559 42.569339 0.0470608 58.890055 
0.0482873 45.636081 0.0503602 35.787502 0.0505819 50.059894 
0.0518944 38.602145 0.0541203 29.919051 0.0543603 42.074672 
0.0557727 32.174417 0.0581634 24.574513 0.0584222 35.185262 
0.0599501 26.645327 0.0625194 20.072659 0.0628074 28.889169 
0.0644238 21.937071 0.0671955 16.276625 0.0674996 23.829937 
0.069253 17.850057 0.0722326 13.115386 0.0725468 19.334142 
0.0744642 14.458945 0.077671 10.531976 0.0780221 15.590669 
0.0800534 11.610242 0.0835056 8.3274997 0.0838841 12.45721 
0.0860543 9.2150496 0.0897712 6.6351203 0.0901655 9.8312535 
0.0925216 7.265297 0.0964993 5.2102186 0.096919 7.6611164 
0.0994466 5.6281307 0.1037011 4.0567151 0.1041639 6.0013009 
0.1068513 4.4163193 0.1114095 3.1668322 0.1119092 4.6223779 
0.1148037 3.3973853 0.1196931 2.4607125 0.1202186 3.5818322 
0.1233208 2.6244049 0.1285705 1.8912463 0.1291403 2.7482427 
0.13246 2.0223698 0.1380803 1.4904934 0.1386854 2.1026766 
0.1422687 1.5495282 0.148313 1.1404585 0.1489654 1.6070681 
0.1528148 1.1951892 0.1592922 0.8869017 0.1600012 1.2328946 
0.1641316 0.9239196 0.1711134 0.6965063 0.1718756 0.9388588 
0.1763179 0.7188756 0.1838188 0.5355359 0.1846319 0.7293023 
0.1894197 0.5663417 0.1974896 0.420573 0.1983667 0.5788599 
0.2035189 0.4475423 0.2121891 0.3479283 0.2131341 0.4554339 
0.2186545 0.3678446 0.227982 0.2724597 0.2290076 0.36277 
0.2349549 0.3167955 0.2449841 0.2204037 0.2460728 0.2898585 
0.2524872 0.2622428 0.2632853 0.1942091 0.2644665 0.2481303 
0.2713373 0.2128947 0.2829492 0.158646 0.284212 0.2068093 
0.2915893 0.1903521 0.3040768 0.1397329 0.30543 0.1618131 
0.3133988 0.1630276 0.3268014 0.1158831 0.328252 0.1454688 
0.336805 0.1406931 0.3512183 0.1057295 0.3528061 0.1190097 
0.3618949 0.1178258 0.3773862 0.0829185 0.3790475 0.105706 
0.3888896 0.108989 0.4054926 0.0681918 0.4072616 0.0844965 
0.4178537 0.0831869 0.4356305 0.049652 0.4375598 0.0739863 
0.4284637 0.0848443 0.4523043 0.0519351 0.4498676 0.0686473 
0.4602308 0.0705427 0.4710027 0.0370087 0.4596291 0.080619 
0.4823871 0.0684868 0.493768 0.0354836 0.4937702 0.0580933 
0.4937705 0.0515283 
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3.3.4. Kupakupa seam matrix parallel samples (background corrected) 
320 kmp ave 321 kmp ave 322 kmp ave 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.000107 2.281E+09 0.0001209 813326515 0.00012 1.138E+09 
0.0001258 1.393E+09 0.0001373 474348838 0.000129 825319309 
0.0001486 847147648 0.0001637 271346061 0.0001416 629120352 
0.0001601 699636621 0.0001847 184235597 0.0001551 506019674 
0.0001712 561070317 0.0001962 147482802 0.0001677 382550781 
0.0001859 427352262 0.0002078 124273859 0.0001847 287597318 
0.0002014 344980762 0.0002218 110174755 0.0002166 193399958 
0.000217 278164963 0.0002403 92872667 0.0002363 150676074 
0.000232 225430902 0.00026 72859650 0.0002561 123675523 
0.0002539 173020862 0.0002897 49697890 0.0002757 103562735 
0.0002894 116343950 0.0003233 36941310 0.0002949 87301065 
0.0003161 89266064 0.0003538 28169104 0.0003173 72890737 
0.0003395 72396107 0.0003794 23941764 0.0003562 53791944 
0.0003682 55624162 0.00041 19263626 0.0003873 42089131 
0.0004057 42449207 0.0004517 14462717 0.0004238 32084998 
0.0004599 29055638 0.0004948 10602612 0.0004631 24901240 
0.0004832 25184766 0.0005328 8327697.4 0.0005171 19539762 
0.0005113 20868020 0.0005953 6159475.9 0.0005496 16082435 
0.0005493 16607172 0.0006466 4793298.9 0.0005898 13092085 
0.000601 12358178 0.0006898 4104160.5 0.0006424 9951182.7 
0.0006536 9276543.7 0.0007423 3171395.7 0.0006904 7737293.1 
0.0007129 7168139.6 0.0007961 2474395.9 0.0007417 5962911.1 
0.0007576 5822922.7 0.0008545 1986711.1 0.0008007 4438817.3 
0.0008006 4840469.7 0.000922 1567822.5 0.000864 3575025.9 
0.0008766 3669045.9 0.0009921 1309210.3 0.0009303 2793926.9 
0.0009471 2834428.3 0.0010782 994382.23 0.0010122 2196903.5 
0.0010414 2137231.1 0.0011747 751994.71 0.001092 1705450.3 
0.0011073 1770208.9 0.001271 586797.18 0.001177 1342624.9 
0.001183 1400858.3 0.0013596 464978.03 0.0012552 1084135 
0.0012671 1123139.2 0.0014473 398573.63 0.0013422 869759.78 
0.0013415 912793.34 0.0015572 327401.39 0.0014355 693152.39 
0.0014467 724486.51 0.0016925 242842.56 0.001542 551798.23 
0.0015771 554463.23 0.0018368 186257.02 0.0016713 426029.65 
0.0017028 437138.07 0.0019706 153114.94 0.0018012 340757.74 
0.001801 366963.29 0.0021072 129349.23 0.0019265 278133.07 
0.0019154 303076.13 0.0022617 104666.26 0.0020597 234302.98 
0.0020493 240987.94 0.0024337 82724.188 0.0022069 186106.93 
0.0022089 186312.24 0.0026179 65900.806 0.0023613 146608.97 
0.0023754 148372.88 0.0028118 51068.209 0.0025196 121326.73 
0.0025334 120868.2 0.0030232 43545.403 0.0027036 97495.345 
0.0027102 96680.845 0.0032663 34336.388 0.0028904 80857.086 
0.0028976 78100.747 0.0035103 28387.677 0.0030998 63855.733 
0.0031082 62830.48 0.0037605 22940.728 0.0033237 51958.413 
0.0033552 49560.816 0.0040518 18711.407 0.0035673 40104.833 
0.0035615 40309.684 0.0043691 15279.029 0.003822 32875.6 
0.003827 32480.285 0.004707 12286.682 0.0040925 26567.673 
0.0040947 25673.764 0.0050593 9671.8557 0.0043911 20883.627 
0.0043963 20575.575 0.0054636 7456.189 0.0047188 17500.891 
0.0047062 16687.237 0.0058581 6232.834 0.0050492 14096.852 
0.0050641 13216.115 0.0062774 5192.9271 0.0054079 11804.174 
0.0054149 10624.668 0.0067449 4177.2596 0.0057894 9495.8018 
0.0057979 8674.3759 0.0072611 3606.4018 0.0062034 7864.6924 
0.0061981 7020.47 0.0078204 2924.7744 0.0066343 6448.8558 
0.0066363 5692.3854 0.008412 2490.398 0.007109 5127.0455 
0.0071366 4546.5587 0.0090454 2080.1784 0.0076004 4333.6798 
0.0076171 3794.6187 0.0097186 1681.8247 0.0081431 3548.0196 
Appendix 3: Microstructure data 
 
Tennille Mares 358
 
0.008157 3039.6876 0.0104516 1421.7054 0.0087338 2823.1048 
0.0087561 2462.7912 0.0112374 1202.9276 0.0093658 2351.7426 
0.0093993 1989.4524 0.0120785 1007.1689 0.0100382 1981.5824 
0.0100398 1641.3624 0.0129931 866.32291 0.0107491 1604.4653 
0.0107311 1332.3342 0.0139574 733.52494 0.0114983 1338.6853 
0.0114946 1083.8241 0.014988 628.19979 0.0123086 1110.8911 
0.012326 883.29431 0.016115 527.06494 0.0131814 912.3949 
0.0131841 719.52034 0.0173255 430.99691 0.0141103 760.91946 
0.0140946 593.13207 0.0186217 377.44323 0.0151046 636.95629 
0.0151056 486.50087 0.0200092 318.52141 0.0161785 517.29771 
0.016166 398.52227 0.0214862 259.81843 0.017304 430.99693 
0.0173025 329.80093 0.023083 229.96943 0.01852 356.08782 
0.0184979 268.48355 0.0247969 188.57607 0.0198066 302.82668 
0.0197894 222.39276 0.0266472 161.03595 0.0212032 253.57909 
0.0211931 182.39962 0.0286394 133.95249 0.0226895 214.52742 
0.0226641 150.89976 0.0307562 113.15008 0.0242628 178.01939 
0.0242479 124.08234 0.0330547 92.726399 0.0259646 154.17999 
0.0259282 102.8159 0.0355432 75.939046 0.0277783 124.16413 
0.0277794 83.016389 0.0381985 61.867851 0.029735 103.87391 
0.0297184 68.501355 0.0410328 51.664403 0.0318278 88.149149 
0.0318049 56.180007 0.0440933 40.510879 0.0340637 71.383552 
0.0340352 46.18726 0.0473974 33.510239 0.0364539 59.799043 
0.0364439 37.89302 0.0509329 28.157032 0.0390099 49.235851 
0.0389958 30.616318 0.0547379 22.261065 0.0417471 40.861252 
0.0417334 24.889741 0.0588252 18.056938 0.0446808 33.546629 
0.0446775 20.108846 0.0632171 13.642928 0.0478242 27.32742 
0.0477997 16.309062 0.0679661 11.092155 0.0511771 21.542314 
0.0511455 13.116444 0.0730672 8.559855 0.054784 17.764266 
0.054754 10.649089 0.0785461 6.8134906 0.0586446 14.158456 
0.0585883 8.432925 0.0844582 5.1756081 0.0627771 11.171132 
0.0627084 6.8220184 0.0908266 3.974499 0.067202 8.9611749 
0.0671399 5.327354 0.0976123 3.1282448 0.0719465 7.0573973 
0.0718749 4.2932541 0.1048824 2.3859517 0.0770237 5.5702691 
0.0769428 3.3807798 0.1126849 1.861769 0.0824742 4.4311922 
0.0824072 2.7131659 0.1210525 1.4736036 0.0883206 3.4585585 
0.0882418 2.1316054 0.1300269 1.1396778 0.0945497 2.6899257 
0.0944659 1.6719874 0.1396584 0.8706458 0.1012028 2.1196087 
0.1011125 1.3291806 0.1499936 0.6903482 0.1083022 1.6316815 
0.1081922 1.0457552 0.161102 0.5660223 0.1158778 1.3042359 
0.1157816 0.8340329 0.173051 0.4392591 0.1239604 1.0283389 
0.1238559 0.6495656 0.1859106 0.3486997 0.1326024 0.8158633 
0.1324891 0.528561 0.1997376 0.3043323 0.1418467 0.6524837 
0.1416944 0.4172179 0.2146017 0.2491766 0.1517405 0.5245644 
0.1515652 0.3351508 0.2305845 0.2166514 0.1623204 0.4212616 
0.1621506 0.2733466 0.2477939 0.1780035 0.1736585 0.3305949 
0.1734832 0.2148735 0.2662849 0.1535489 0.1858077 0.2807415 
0.1856105 0.1846605 0.2862064 0.1285262 0.1988348 0.2373285 
0.1986292 0.1466242 0.3076013 0.1060842 0.2127581 0.1864172 
0.2125376 0.1267844 0.3305631 0.0944215 0.2276684 0.1614902 
0.2274068 0.107865 0.3552425 0.081042 0.2436449 0.1397838 
0.2433839 0.0978805 0.3818151 0.0720078 0.2607662 0.1218952 
0.2604799 0.0808929 0.4102155 0.0621216 0.2790974 0.1040917 
0.2787947 0.0641494 0.4405942 0.0483479 0.2987453 0.0897276 
0.2984417 0.053843 0.4732818 0.0566479 0.3197617 0.076701 
0.3194522 0.04571 0.4937724 0.0515566 0.3422401 0.0693031 
0.3418405 0.0452542 0.3663029 0.0651358 
0.3659131 0.0377563 0.3795436 0.0389375 
0.3971301 0.0311041 0.3968886 0.0414696 
0.4175365 0.0223486     
0.4244432 0.0292647         
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3.3.5. Vitrain perpendicular samples (background corrected) 
323 rvx ave  326 kvx ave 327 kvx ave  328 kvx ave 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.0001724 389433084 0.0001584 201734313 0.0001483 304711348 0.0001978 123863940 
0.0001903 294086808 0.0001714 149845795 0.0001682 228006952 0.0002122 98708555 
0.0002098 212156794 0.0001887 105459038 0.000178 190997174 0.0002269 80652898 
0.0002248 156874212 0.0002176 70286726 0.0001879 172495004 0.0002439 71397219 
0.0002402 132611478 0.0002334 55573220 0.0001991 145884754 0.0002665 55417364 
0.00026 109609470 0.0002493 46028617 0.0002152 120314842 0.000288 43965620 
0.000288 81839434 0.0002685 40184705 0.0002335 95157664 0.0003152 34593335 
0.0003097 67434845 0.0002933 32476037 0.000254 73703611 0.0003534 25706543 
0.0003364 49820313 0.0003163 26118345 0.0002849 56561384 0.0003799 20459839 
0.0003621 37788644 0.0003436 20184495 0.0003132 41262775 0.0004128 16125075 
0.0003932 28965919 0.0003788 14697948 0.0003308 35032750 0.0004499 12527046 
0.0004385 20182496 0.0004069 11903441 0.000357 27893420 0.0004859 9679862.2 
0.000469 16293548 0.0004409 9954796.9 0.0003847 22723463 0.0005361 7401692.8 
0.0005126 11862884 0.0004737 8401308 0.0004231 17448793 0.0005751 6350169.6 
0.0005728 8188501.1 0.0005269 6269272.1 0.0004639 12906330 0.0006265 5006664.5 
0.000608 6503576.6 0.0005722 5081398 0.0004999 10150229 0.0006946 3520362.9 
0.0006594 4443273.5 0.0006132 4025118.2 0.0005577 7413824.1 0.0007334 2955926.1 
0.0007215 3112453.4 0.0006838 2850411.3 0.0006138 5242194.8 0.0007938 2378329.7 
0.0007624 2515811.7 0.0007287 2423479.1 0.0006477 4250624.5 0.0008575 1690164.1 
0.0008318 1720356 0.0007756 1923274.6 0.000702 3369898 0.0009207 1408223.4 
0.0008849 1339266.3 0.0008473 1424143.3 0.0007561 2487397.5 0.0009983 1106396 
0.0009612 964100.74 0.0009125 1108640.1 0.0007995 2013737.8 0.0010633 937236.6 
0.001032 769401.01 0.000989 880719.94 0.0008609 1561777.6 0.0011549 719434.58 
0.0011229 582822.95 0.0010637 754758.17 0.000925 1219775.3 0.0012477 545440.97 
0.0012159 424268.39 0.0011584 555595.89 0.0010006 921314.27 0.0013618 416910.6 
0.0012969 331448.75 0.0012494 446046.11 0.0011028 673057.2 0.0014646 298438.27 
0.0014005 245261.87 0.0013426 367642.92 0.0011958 505857.01 0.0015529 251293.37 
0.0015041 193385.56 0.0014454 300323.63 0.0012769 416430.8 0.0016695 200456.55 
0.0016253 155203.07 0.0015504 232421.02 0.0013669 318482.74 0.0018073 160298.61 
0.0017509 108318.76 0.0016747 194825.63 0.0014619 250381.13 0.0019626 122202.36 
0.0018851 82660.86 0.0018108 158137.94 0.0015738 195802.23 0.0021096 91945.84 
0.0020276 64131.518 0.001955 124784.96 0.00171 147310.73 0.0022564 74505.925 
0.0021804 49877.519 0.0020985 99033.316 0.001848 112880.86 0.0024186 56870.849 
0.0023342 38851.264 0.0022475 81400.857 0.0019805 89309.581 0.0026114 44597.538 
0.0025104 29587.309 0.0024101 64345.835 0.0021213 70656.479 0.0027968 36499.306 
0.0026976 22513.893 0.0025921 53697.537 0.0022801 54863.689 0.0030112 29893.349 
0.0029025 17544.758 0.0027824 45343.032 0.0024567 43052.295 0.0032383 24055.394 
0.0031278 12884.688 0.002993 36504.704 0.0026394 33739.341 0.0034891 17823.397 
0.0033526 10163.285 0.0032206 29819.204 0.0028318 26846.294 0.0037583 13709.68 
0.0036119 7795.6121 0.0034627 22909.033 0.0030481 20718.583 0.004034 10985.74 
0.003889 6144.3629 0.0037223 19964.933 0.0032927 16607.909 0.0043417 8907.7911 
0.0041889 4775.5787 0.0040114 16502.446 0.0035416 13310.398 0.0046723 6956.3623 
0.0044927 3756.0166 0.0043155 13520.73 0.0037996 10666.201 0.0050371 5485.7502 
0.0048583 2898.5662 0.0046464 11121.786 0.0040938 8442.902 0.0054106 4525.1896 
0.0052211 2227.6494 0.0050133 9135.0985 0.0044074 6842.5493 0.0058354 3698.3509 
0.0056027 1784.1756 0.0053791 7715.6728 0.0047388 5597.9658 0.0062756 2834.5231 
0.0060331 1500.5737 0.0057925 6129.8977 0.0050989 4506.2714 0.006726 2274.5535 
0.0064775 1226.1874 0.0062139 5008.1277 0.0055004 3731.3034 0.0072264 1851.7258 
0.0069632 940.54485 0.0066812 4401.4738 0.0059081 3084.8762 0.0077743 1512.9766 
0.0074834 799.44817 0.0071877 3609.8443 0.0063281 2573.6044 0.0083703 1231.5544 
0.0080542 664.66403 0.0077314 3056.6502 0.0067947 2133.2884 0.0090016 962.61027 
0.00866 529.17899 0.00832 2673.97 0.0073205 1766.0755 0.0096789 818.55482 
0.0093141 454.26009 0.0089434 2172.371 0.0078817 1473.0625 0.0103999 696.19558 
0.0100094 384.29581 0.0096143 1824.1568 0.0084836 1222.7132 0.0111804 593.94963 
0.0107636 347.72945 0.0103325 1596.3552 0.009121 1020.0049 0.012014 489.58876 
0.0115722 303.0375 0.0111103 1386.4035 0.0097994 855.97008 0.012925 405.15762 
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0.0124408 257.35373 0.0119434 1275.9065 0.0105479 723.60379 0.0138936 349.69219 
0.0133689 223.33833 0.0128396 1108.2354 0.0113341 613.92538 0.0149351 308.59326 
0.0143671 197.873 0.0138005 924.05173 0.0121866 528.13028 0.0160397 266.71632 
0.0154463 184.6994 0.0148311 814.63973 0.0131057 452.20738 0.0172326 234.96778 
0.0165896 168.81638 0.0159351 698.26476 0.014067 388.61977 0.018528 210.2261 
0.0178409 148.68053 0.0171258 604.77402 0.0151056 338.07315 0.0199027 178.44163 
0.0191684 136.2287 0.018411 551.5683 0.0162421 294.66965 0.0214023 163.82207 
0.0205961 128.59366 0.0197757 486.35749 0.0174613 255.96495 0.0229845 142.25883 
0.0221283 122.75575 0.0212407 424.91941 0.018769 224.1645 0.0246828 128.21511 
0.0237696 112.95928 0.0228263 378.1605 0.0201625 197.02382 0.0265241 118.91014 
0.0255441 107.49125 0.0245249 326.25646 0.0216462 175.21225 0.028509 105.39457 
0.0274354 102.47813 0.0263479 293.99368 0.0232504 157.38477 0.0306344 95.471379 
0.0294749 97.108675 0.0283118 261.16371 0.0249786 139.97467 0.0329062 87.073147 
0.0316775 92.820879 0.0304235 231.69285 0.026849 125.80805 0.0353555 81.789916 
0.0340498 88.512894 0.0326872 205.82558 0.0288494 112.757 0.038009 75.160687 
0.0365787 79.21792 0.0351301 185.0265 0.0309889 100.86303 0.0408657 65.977744 
0.0393133 76.98241 0.0377548 157.12827 0.033315 91.987783 0.0438999 60.491077 
0.0422632 72.859739 0.0405823 135.01335 0.0358171 82.937784 0.0471714 54.569572 
0.0454049 69.679308 0.0436042 119.78465 0.0384815 75.054426 0.050706 49.178997 
0.048797 63.403863 0.0468574 100.45101 0.0413366 67.35999 0.0544992 43.75031 
0.0524447 57.425117 0.050367 85.673378 0.044421 60.286056 0.0585727 38.24518 
0.0563526 50.299277 0.054121 72.044185 0.0477426 54.007232 0.0629518 32.696552 
0.0605689 43.883813 0.0581633 59.309004 0.0513065 47.709831 0.0676633 27.926718 
0.0650995 37.796857 0.0625153 47.438444 0.055141 41.745837 0.0727407 22.804644 
0.0699766 32.68107 0.0671906 38.575597 0.0592573 35.983609 0.0781903 18.861813 
0.0752211 26.717978 0.0722281 30.705405 0.0636815 30.833883 0.0840454 14.902699 
0.0809012 21.515763 0.0776588 24.913649 0.0684661 25.81434 0.0903397 11.779547 
0.0869588 17.486633 0.0834968 19.378041 0.0736066 21.284517 0.0971241 9.2270669 
0.0934826 13.358938 0.0897589 15.014599 0.0791234 17.367818 0.1043842 6.9878062 
0.1004792 10.181661 0.0964928 12.034808 0.0850873 13.768903 0.1121452 5.4634977 
0.107966 7.5234237 0.1036882 9.1541259 0.0914992 10.785262 0.1204802 4.1296633 
0.1159874 5.7966626 0.1114107 7.1712118 0.0983351 8.3431365 0.1294111 3.1094537 
0.1246044 4.225848 0.1196895 5.4743889 0.1056524 6.3625875 0.1390185 2.3104063 
0.1338242 3.1670612 0.1285612 4.1263745 0.1135226 4.8211798 0.1493362 1.7225148 
0.1437434 2.3758475 0.1380829 3.2363306 0.1219415 3.6698991 0.16039 1.3358469 
0.1543817 1.7957128 0.1483128 2.4956275 0.1309745 2.7658081 0.1722812 1.0258916 
0.1658205 1.3490033 0.1592933 1.9397481 0.1406766 2.0899524 0.1850711 0.7817985 
0.1781277 1.008052 0.1711064 1.5316184 0.1510836 1.5945369 0.1988278 0.5952688 
0.1913683 0.7336665 0.1838173 1.1935218 0.1622718 1.2130166 0.2136458 0.4646643 
0.2055827 0.5776578 0.1974755 0.9576478 0.1743255 0.9212366 0.2295611 0.3695224 
0.2209345 0.437952 0.2121861 0.763794 0.1872886 0.6928201 0.2466636 0.2839848 
0.2373553 0.3558324 0.2279916 0.6162358 0.201209 0.5332373 0.2650788 0.2325454 
0.2551056 0.2852733 0.2449782 0.5049376 0.2161647 0.4135101 0.2848588 0.1922588 
0.2741426 0.201933 0.2632963 0.423313 0.2322789 0.3225728 0.3061683 0.1648952 
0.2946295 0.1549757 0.2829457 0.3477047 0.2496126 0.2560032 0.328992 0.1250107 
0.31661 0.1036696 0.3040943 0.2878852 0.2682381 0.2169495 0.3535179 0.1231829 
0.3403093 0.0993402 0.3268139 0.245862 0.2882891 0.1676176 0.3798534 0.106545 
0.3657033 0.0874054 0.3512322 0.1970295 0.3098414 0.1456656 0.3776732 0.0994365 
0.392887 0.0643644 0.3773986 0.1973589 0.3329605 0.1254328 0.4058033 0.088713 
0.422123 0.0516046 0.4055137 0.1681195 0.3578326 0.1008235 0.4358485 0.0808235 
0.4461189 0.0561405 0.4356537 0.1670731 0.3845858 0.0886393 0.4681699 0.0774984 
    0.4523315 0.1683224 0.4131676 0.0819185 0.493783 0.0608942 
    0.471034 0.1418857 0.4437698 0.0741181 
    0.4937989 0.1496676 0.4766999 0.065911 
        0.4937676 0.0430473     
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3.3.6. Vitrain parallel samples (background corrected) 
323 rvp ave 327 kvp ave 328 kvp 
Ave Q Ave I(Q) Ave Q Ave I(Q) Ave Q Ave I(Q) 
0.0001083 745979328 0.0001176 1.781E+09 0.0001131 435974726 
0.0001159 595009280 0.0001278 1.438E+09 0.0001306 249761504 
0.0001251 446718440 0.0001361 1.195E+09 0.0001441 166811098 
0.0001345 329343552 0.0001439 923213133 0.0001531 128288323 
0.000146 233266304 0.0001534 683672934 0.0001641 99813344 
0.0001651 181908980 0.0001631 611632422 0.0001782 71955240 
0.0001875 126940899 0.0001754 503732378 0.0001941 55187590 
0.0002091 84009542 0.0001911 413964803 0.0002082 42590026 
0.0002343 57750690 0.0002129 303970320 0.0002224 32491954 
0.0002488 45035627 0.0002499 173348227 0.0002514 20944102 
0.0002656 38783593 0.0002718 131396634 0.0002838 13992718 
0.000284 29811267 0.0002859 108818984 0.0003048 11155155 
0.0003133 21337582 0.0003035 97488221 0.000332 8148723 
0.0003405 16553025 0.0003278 77476584 0.0003572 6191076.4 
0.0003718 12193771 0.0003553 58527495 0.0004058 4129040.4 
0.0004011 10343564 0.0003946 39805094 0.0004481 2927934 
0.0004351 8077454.8 0.0004229 33777708 0.0004717 2441873 
0.0004714 6488966 0.0004504 26815610 0.0004975 2085060 
0.0005189 4704198.9 0.0004851 20298560 0.0005412 1617145.6 
0.0005651 3620893.7 0.0005252 15385603 0.0006026 1139387.6 
0.0006162 2672735.2 0.0005768 11166148 0.0006663 767135.68 
0.0006752 2001026.9 0.0006322 8488310.4 0.0007199 576453.76 
0.000731 1589297.4 0.0007065 5375726.3 0.0007588 494777.93 
0.0008025 1187648.2 0.0007449 4537227.3 0.0008178 393334.83 
0.0008729 912663.31 0.0007937 3811288.9 0.0008923 289383.43 
0.0009431 689382.17 0.0008625 2719205.5 0.0009675 226446.8 
0.0010204 556041.93 0.0009178 2164935.5 0.0010498 175598.78 
0.0011068 418913.5 0.000992 1644518.1 0.0011146 147350.84 
0.001205 339134.85 0.001059 1262559 0.0012007 112847.16 
0.0013074 260943.27 0.0011581 911017.39 0.0012714 93204.18 
0.0013918 206821.22 0.0012576 675282.18 0.0013642 72721.913 
0.0014972 175742.79 0.0013482 558655.44 0.001475 56627.802 
0.0016193 134082.81 0.0014505 425260.85 0.0015966 44034.582 
0.0017518 98973.368 0.001552 334604.67 0.0017079 36110.164 
0.0018988 80444.632 0.0016533 253867.34 0.0018219 29722.522 
0.0020329 68505.417 0.0017952 198664.35 0.0019481 23686.828 
0.0021763 57437.77 0.0019432 148421.2 0.0020855 19208.758 
0.0023323 46119.815 0.0020853 119029.68 0.0022455 15164.452 
0.0025072 35392.397 0.0022366 101179.91 0.0024038 12640.368 
0.0026907 29297.409 0.0024282 73045.066 0.002566 10622.904 
0.0028902 24372.719 0.0025934 60655.93 0.0027417 8667.6223 
0.0031176 20228.087 0.0027796 47593.068 0.0029383 7075.103 
0.0033468 17072.984 0.0030046 34832.736 0.0031648 5771.854 
0.003599 13726.083 0.0032114 28065.943 0.0033776 4916.9122 
0.0038739 11149.957 0.0034584 21098.973 0.003625 3989.941 
0.0041642 8759.2393 0.0037283 15872.238 0.0038706 3435.786 
0.0044861 7398.9149 0.0039975 12415.913 0.0041608 2900.4168 
0.0048323 6253.8641 0.0043102 10156.974 0.0044518 2515.2428 
0.0052045 5173.7107 0.0046347 8398.2781 0.0047902 2128.858 
0.0055959 4225.8969 0.0050001 6472.7467 0.0051311 1825.5802 
0.0060096 3689.5212 0.0053726 5137.4254 0.0054918 1595.5108 
0.0064589 3018.038 0.0057712 4045.3743 0.0058861 1379.3512 
0.0069456 2617.182 0.0061998 3297.8476 0.0062864 1215.2229 
0.0074753 2258.5647 0.0066619 2796.9952 0.0067454 1075.2025 
0.0080502 1846.1713 0.007184 2137.201 0.0072282 965.89904 
0.0086524 1670.358 0.0077437 1767.007 0.0077355 865.01531 
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0.0092973 1576.9 0.0083204 1389.407 0.0082841 791.77955 
0.0099946 1329.4442 0.0089337 1194.947 0.0088891 714.55474 
0.0107409 1130.3694 0.009598 964.90321 0.0095198 668.34745 
0.0115466 974.0697 0.0103056 801.99065 0.010184 613.62634 
0.0124149 862.24437 0.011096 652.22056 0.0109074 566.62539 
0.0133442 779.85146 0.0119319 550.80309 0.0116792 524.4642 
0.0143415 651.52922 0.0128223 451.85336 0.0124949 488.81923 
0.0154092 581.62906 0.0137702 368.19841 0.0133678 453.55123 
0.0165612 501.40388 0.0148027 327.64201 0.0143113 420.47424 
0.017801 427.8489 0.0158992 287.66263 0.0153237 390.97083 
0.0191195 362.45997 0.0171084 236.36369 0.0164028 364.36503 
0.0205418 333.32873 0.0183553 205.90147 0.0175455 334.05905 
0.0220679 290.07595 0.0197306 178.22273 0.018786 308.29452 
0.0237101 245.23468 0.0211905 159.16457 0.0200894 281.9244 
0.0254787 203.58061 0.0227675 133.77299 0.021493 257.12125 
0.0273737 186.71754 0.0244588 116.83771 0.023009 232.94464 
0.0294176 160.67848 0.0262859 105.21774 0.0246013 210.4822 
0.0315934 135.34926 0.0282599 93.375432 0.0263315 187.68108 
0.033957 114.43108 0.030331 78.162085 0.0281813 165.8691 
0.0364976 95.338228 0.0325853 69.471262 0.0301651 146.2842 
0.0392266 81.225018 0.0350245 62.758906 0.0322717 128.19643 
0.0421578 65.729635 0.0376599 53.770438 0.0345524 111.03889 
0.0452978 54.918255 0.0404702 47.21223 0.0369803 95.150858 
0.0486899 45.919819 0.0434762 41.346905 0.0395802 81.13072 
0.0523166 37.630155 0.0467282 35.731018 0.0423621 68.34324 
0.0562168 31.220132 0.050236 29.663426 0.0453346 57.048409 
0.0604123 24.746018 0.0539704 25.545014 0.0485151 47.070878 
0.0649291 19.775532 0.0579974 21.3055 0.051927 38.382878 
0.0697975 15.55589 0.0623253 18.090561 0.0555693 31.184602 
0.0750432 12.140603 0.0669843 14.68768 0.0594752 24.902779 
0.080688 9.7224723 0.0720152 11.973643 0.063675 19.774892 
0.0867493 7.5280181 0.0774196 9.6793749 0.0681484 15.59625 
0.0932621 5.8430222 0.0832512 7.5624352 0.0729657 12.247204 
0.1002273 4.5479547 0.0895326 5.8618992 0.0781299 9.4990203 
0.1076979 3.5595055 0.0962152 4.6609651 0.0836578 7.4783431 
0.1156966 2.7340141 0.103396 3.6491206 0.0895691 5.7528254 
0.1242808 2.0897858 0.1110741 2.8434858 0.0958885 4.5151704 
0.1334881 1.6232301 0.1193418 2.1648601 0.102637 3.5083341 
0.1433645 1.2391291 0.1281838 1.6136039 0.1098244 2.7691742 
0.1539836 0.9653891 0.1376708 1.2127337 0.1175063 2.1595927 
0.1653857 0.7555706 0.1478619 0.9293742 0.1257079 1.6986645 
0.1776642 0.5939759 0.1587935 0.7079583 0.1344515 1.3484279 
0.1908767 0.4771439 0.1705574 0.5490137 0.1438214 1.0527119 
0.2050678 0.3806837 0.1832489 0.4177071 0.1538401 0.8400154 
0.22035 0.3205572 0.1968809 0.3287557 0.164592 0.6639672 
0.2367438 0.2721219 0.2115205 0.2604728 0.1761007 0.5362764 
0.2544295 0.2292324 0.2272594 0.2105396 0.1884228 0.4424788 
0.2734216 0.2023538 0.244231 0.1810629 0.2016108 0.3574976 
0.2938738 0.1545043 0.2624377 0.1496783 0.2157491 0.2978342 
0.3158351 0.1364979 0.2820696 0.1097895 0.2308656 0.2491642 
0.3394435 0.1154294 0.3031853 0.1061633 0.2470546 0.2123537 
0.3647777 0.1024061 0.3258281 0.0806698 0.2644316 0.1863557 
0.3919934 0.0948716 0.3501302 0.0677346 0.2830431 0.1613305 
0.421125 0.0835193 0.3763434 0.0619963 0.3029544 0.140663 
0.4523384 0.0817121 0.40437 0.0508712 0.3242478 0.1237745 
0.4710461 0.0752124 0.4343047 0.0507966 0.3470625 0.1094632 
0.4938173 0.0752485 0.4665176 0.0416785 0.3714124 0.0987013 
    0.4938383 0.0392177 0.3906993 0.0903251 
    0.4059996 0.0923885 
        0.4244197 0.0869182 
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3.4. Scattering data SANS/USANS 
3.4.1. Renown seam matrix samples (background corrected) 
318 rmp NU  319 rmx N + 319 rmp U  610 rmp NU  611 rmx N + 611 rmp U  612 rmx N + 612 rmp U  
Q I(Q) Q I(Q) Q I(Q) Q I(Q) Q I(Q) 
1.892E-05 6.606E+10 2.508E-05 3.205E+10 1.4E-05 2.647E+11 1.31E-05 3.343E+12 2.141E-05 3.52E+10 
2.415E-05 3.477E+10 2.944E-05 2.087E+10 1.922E-05 5.303E+10 1.745E-05 4.199E+11 2.664E-05 1.87E+10 
2.938E-05 1.952E+10 3.554E-05 1.404E+10 2.445E-05 2.101E+10 2.268E-05 1.265E+11 3.187E-05 1.129E+10 
3.461E-05 1.367E+10 3.99E-05 9.774E+09 2.881E-05 1.168E+10 2.791E-05 4.426E+10 3.71E-05 7.621E+09 
3.984E-05 9.239E+09 4.6E-05 6.853E+09 3.404E-05 7.47E+09 3.401E-05 2.787E+10 4.32E-05 5.566E+09 
4.507E-05 6.688E+09 5.122E-05 4.96E+09 3.927E-05 5.299E+09 3.837E-05 1.887E+10 4.755E-05 4.216E+09 
5.029E-05 5.133E+09 5.558E-05 3.496E+09 4.449E-05 3.844E+09 4.36E-05 1.471E+10 5.278E-05 3.258E+09 
5.552E-05 3.681E+09 6.081E-05 2.748E+09 4.972E-05 2.786E+09 4.97E-05 9.548E+09 5.801E-05 2.675E+09 
5.988E-05 2.851E+09 6.604E-05 2.255E+09 5.495E-05 2.195E+09 5.405E-05 7.695E+09 6.324E-05 2.119E+09 
6.511E-05 2.15E+09 7.127E-05 1.578E+09 6.018E-05 1.689E+09 5.928E-05 6.576E+09 6.847E-05 1.637E+09 
7.034E-05 1.546E+09 7.649E-05 1.38E+09 6.541E-05 1.376E+09 6.451E-05 5.427E+09 7.282E-05 1.358E+09 
7.644E-05 1.41E+09 8.085E-05 1.132E+09 7.064E-05 1.1E+09 6.887E-05 3.477E+09 7.892E-05 1.193E+09 
8.079E-05 1.29E+09 0.0001018 597482088 7.586E-05 953245949 7.409E-05 2.573E+09 9.897E-05 642893018 
0.0001017 559001943 0.0003074 30838941 8.022E-05 752812882 7.932E-05 2.844E+09 0.0003046 29892457 
0.0003074 12989348 0.0005131 7339418.9 0.0001011 410357522 0.0001011 1.315E+09 0.0005094 6200214.6 
0.0005121 4461191.3 0.0020511 107634.59 0.0003068 18780509 0.0003059 70930950 0.0020483 116344.72 
0.002051 130974.54 0.00377 21157.789 0.0005124 3918237.2 0.0005107 16308809 0.00377 25855.231 
0.00396 14173.877 0.00396 20237.187 0.0020504 77175.747 0.00377 12178.431 0.00396 21264.35 
0.00415 10011.116 0.00415 17230.892 0.00436 9690.7589 0.00396 10363.904 0.00415 17014.152 
0.00436 11370.562 0.00436 12287.793 0.00458 5266.3817 0.00415 10343.131 0.00436 17370.464 
0.00458 8751.0425 0.00458 10181.792 0.00481 6349.4445 0.00436 9539.0296 0.00458 14675.14 
0.00481 6355.8851 0.00481 10080.054 0.00505 4604.706 0.00458 7077.4735 0.00481 14561.581 
0.00505 5605.5237 0.00505 8688.4805 0.0053 4535.3037 0.00481 6886.2011 0.00505 9488.1563 
0.0053 5383.4244 0.0053 6331.2273 0.00557 2955.8917 0.00505 6384.1274 0.0053 7865.249 
0.00557 3343.3453 0.00557 4919.5068 0.00584 2921.2232 0.0053 5062.8619 0.00557 6883.0915 
0.00584 3035.5263 0.00584 4191.3314 0.00614 2856.8559 0.00557 4959.187 0.00584 4586.6719 
0.00614 2795.4332 0.00614 3629.7002 0.00644 2254.5115 0.00584 3674.7593 0.00614 4515.3004 
0.00644 2343.0795 0.00644 3185.2608 0.00676 1807.9349 0.00614 2805.6451 0.00644 3826.5186 
0.00676 2227.5291 0.00676 2443.44 0.0071 1671.281 0.00644 2488.0919 0.00676 3293.7395 
0.0071 1690.4228 0.0071 2121.0429 0.00746 1257.6983 0.00676 2083.2153 0.0071 2739.0974 
0.00746 1543.9226 0.00746 1902.9825 0.00783 1273.0132 0.0071 1814.6868 0.00746 2232.6522 
0.00783 1257.0565 0.00783 1426.9998 0.00822 1040.8519 0.00746 1363.6981 0.00783 1908.4923 
0.00822 1178.9274 0.00822 1326.5782 0.00863 827.17098 0.00783 1292.2089 0.00822 1585.357 
0.00863 1006.194 0.00863 1046.5694 0.00907 763.83694 0.00822 1190.4591 0.00863 1355.6609 
0.00907 809.15819 0.00907 914.31817 0.00952 647.79957 0.00863 892.38046 0.00907 1198.7907 
0.00952 662.93733 0.00952 790.97774 0.00999 578.44784 0.00907 858.81472 0.00952 938.06852 
0.00999 631.82914 0.00999 631.52456 0.01049 516.55376 0.00952 715.26184 0.00999 829.26097 
0.01049 553.18355 0.01049 558.94757 0.01102 424.9918 0.00999 643.71334 0.01049 674.68402 
0.01102 483.45399 0.01102 454.81654 0.01157 384.76177 0.01049 509.4556 0.01102 596.5344 
0.01157 425.78551 0.01157 409.33158 0.01215 355.19423 0.01102 442.62829 0.01157 487.8724 
0.01215 390.58858 0.01215 362.60393 0.01276 280.46062 0.01157 385.76092 0.01215 444.40139 
0.01276 311.21857 0.01276 313.18126 0.01339 265.64362 0.01215 329.95069 0.01276 356.33467 
0.01339 292.23761 0.01339 268.70363 0.01406 229.44688 0.01276 302.8159 0.01339 323.75851 
0.01406 263.91599 0.01406 230.90226 0.01477 198.78941 0.01339 276.11385 0.01406 278.29024 
0.01477 218.06593 0.01477 205.6662 0.0155 183.53335 0.01406 239.26246 0.01477 248.37534 
0.0155 195.96968 0.0155 176.66881 0.01628 166.84053 0.01477 204.80489 0.0155 214.83246 
0.01628 174.59252 0.01628 154.7493 0.01709 133.35414 0.0155 167.42034 0.01628 182.48399 
0.01709 155.45386 0.01709 126.10493 0.01795 122.65823 0.01628 152.64074 0.01709 165.82634 
0.01795 141.62964 0.01795 117.94918 0.01885 107.59997 0.01709 133.1641 0.01795 147.82464 
0.01885 126.5433 0.01885 107.6517 0.01979 99.068341 0.01795 116.11204 0.01885 122.61569 
0.01979 112.59013 0.01979 91.953744 0.02078 94.070212 0.01885 107.55873 0.01979 103.14743 
0.02078 103.33366 0.02078 80.486103 0.02182 85.153365 0.01979 95.858443 0.02078 96.159753 
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0.02182 90.906882 0.02182 68.995103 0.02291 74.032383 0.02078 80.636982 0.02182 78.298243 
0.02291 79.238909 0.02291 63.128787 0.02405 61.503133 0.02182 77.515936 0.02291 72.557809 
0.02405 70.083614 0.02405 59.162264 0.02526 58.579254 0.02291 65.136241 0.02405 64.934445 
0.02526 71.304838 0.02526 51.644214 0.02652 50.290584 0.02405 63.106808 0.02526 57.456658 
0.02652 61.992706 0.02652 46.60596 0.02784 47.003376 0.02526 53.499538 0.02652 51.668994 
0.02784 55.561329 0.02784 42.688306 0.02924 43.114 0.02652 51.567547 0.02784 45.047026 
0.02924 49.40691 0.02924 38.117521 0.0307 37.361627 0.02784 44.003785 0.02924 38.293244 
0.0307 46.036757 0.0307 35.926404 0.03223 34.393291 0.02924 38.75298 0.0307 39.016 
0.03223 42.256131 0.03223 32.850298 0.03385 33.470694 0.0307 37.082357 0.03223 31.222577 
0.03385 38.583192 0.03385 31.200082 0.03554 30.97738 0.03223 32.925068 0.03385 28.755762 
0.03554 36.504114 0.03554 26.705388 0.03731 26.28785 0.03385 30.919363 0.03554 27.49591 
0.03731 32.365526 0.03731 25.998068 0.03918 24.010032 0.03554 27.68725 0.03731 24.309267 
0.03918 31.663986 0.03918 21.652301 0.04114 20.703163 0.03731 26.742177 0.03918 22.573466 
0.04114 27.98643 0.04114 20.393546 0.0432 18.89425 0.03918 22.576153 0.04114 19.771917 
0.0432 25.400558 0.0432 18.465555 0.04536 17.671398 0.04114 19.486001 0.0432 18.786166 
0.04536 21.969724 0.04536 19.08744 0.04762 15.97017 0.0432 19.368003 0.04536 16.954825 
0.04762 20.207913 0.04762 18.011071 0.05 15.173812 0.04536 18.056671 0.04762 16.314741 
0.05 17.706069 0.05 16.200791 0.05251 14.131973 0.04762 15.767826 0.05 13.981767 
0.05251 16.358801 0.05251 15.478485 0.05513 11.937845 0.05 14.400447 0.05251 12.606684 
0.05513 14.794308 0.05513 13.701193 0.05789 11.304008 0.05251 13.516845 0.05513 10.879349 
0.05789 14.575395 0.05789 12.710259 0.06078 9.5291507 0.05513 12.205316 0.05789 10.507304 
0.06078 12.391676 0.06078 11.953898 0.06382 8.4303507 0.05789 11.702535 0.06078 9.9657394 
0.06382 11.197833 0.06382 10.741871 0.06701 8.3803503 0.06078 10.520987 0.06382 9.6284355 
0.06701 10.925584 0.06701 9.3374017 0.07036 7.5851412 0.06382 9.746942 0.06701 7.951871 
0.07036 10.117057 0.07036 9.4142167 0.07388 7.0064864 0.06701 8.7476628 0.07036 7.7218197 
0.07388 8.9464305 0.07388 8.756563 0.07757 6.7145061 0.07036 8.6819083 0.07388 7.6474172 
0.07757 8.3638881 0.07757 8.2537323 0.08145 6.0375715 0.07388 8.408832 0.07757 7.3981069 
0.08145 7.5885474 0.08145 7.715972 0.08553 5.5451574 0.07757 7.701003 0.08145 6.4159576 
0.08553 6.9946135 0.08553 6.9118439 0.0898 4.9725722 0.08145 6.9197597 0.08553 6.0320182 
0.0898 6.7202059 0.0898 5.8985313 0.09429 4.7709104 0.08553 6.4439351 0.0898 5.4958909 
0.09429 6.0150982 0.09429 5.7910152 0.09901 4.6617878 0.0898 6.0540132 0.09429 5.140288 
0.09901 5.4525112 0.09901 5.6927982 0.10396 3.8364591 0.09429 5.5555174 0.09901 4.7704839 
0.10396 4.8689063 0.10396 5.4734987 0.10915 3.6285435 0.09901 5.5798965 0.10396 4.6176859 
0.10915 4.9093162 0.10915 4.9546597 0.11461 3.7552593 0.10396 5.2601618 0.10915 4.0655914 
0.11461 4.2818092 0.11461 4.6000683 0.12034 3.5632942 0.10915 5.0523119 0.11461 3.8338491 
0.12034 3.9765214 0.12034 4.2824557 0.12636 3.0618782 0.11461 4.5610777 0.12034 3.4823149 
0.12636 3.7440241 0.12636 4.3279768 0.13268 2.8700938 0.12034 4.4583548 0.12636 3.883278 
0.13268 3.405514 0.13268 4.0719921 0.13931 2.971058 0.12636 4.748015 0.13268 3.4213297 
0.13931 3.4843443 0.13931 3.712922 0.14628 2.6951443 0.13268 3.9303712 0.13931 3.2306185 
0.14628 3.2792298 0.14628 3.5645603 0.15359 2.6324955 0.13931 3.972169 0.14628 3.1485256 
0.15359 2.7845709 0.15359 3.482746 0.16127 2.5410673 0.14628 3.632103 0.15359 2.9041284 
0.16127 2.6671123 0.16127 3.4628919 0.16933 2.0812966 0.15359 3.6570704 0.16127 2.6260031 
0.16933 2.4643254 0.16933 3.0854528 0.1778 2.1670426 0.16127 3.5565248 0.16933 2.4476467 
0.1778 2.3365575 0.1778 2.8809708 0.18669 2.3070421 0.16933 3.2738227 0.1778 2.5028254 
0.18669 2.3652743 0.18669 2.4549911 0.19603 2.0147683 0.1778 3.1653926 0.18669 2.0712629 
0.19603 2.129669 0.19603 2.606444 0.20583 1.5755219 0.18669 3.2513008 0.19603 2.1991451 
0.20583 1.7419158 0.20583 2.5283694 0.21612 1.5663187 0.19603 2.7990339 0.20583 1.9664306 
0.21612 1.5677137 0.21612 2.4499244 0.22692 1.5034965 0.20583 2.8783654 0.21612 1.8046266 
0.22692 1.3480034 0.22692 2.3186626 0.23827 1.4658521 0.21612 2.7596684 0.22692 1.6580473 
0.23827 1.348242 0.23827 2.173475 0.25018 1.3610904 0.22692 2.6317915 0.23827 1.5999814 
0.25018 1.0380279 0.25018 2.0339035 0.26269 1.4210923 0.23827 2.3521338 0.25018 1.5733895 
0.26269 1.1222487 0.26269 1.8732743 0.27583 1.1993489 0.25018 2.2005134 0.26269 1.2846717 
0.27583 0.8953159 0.27583 1.3955888 0.28962 1.4208647 0.26269 2.3272036 0.27583 1.0885812 
0.28962 0.8702996 0.28962 1.2669177 0.3041 1.13258 0.27583 2.0122176 0.28962 1.1660523 
0.3041 0.8865137 0.3041 1.2408166 0.3193 0.7986531 0.28962 1.9944156 0.3041 0.9184924 
0.3193 0.8694587 0.3193 0.9649583 0.33527 0.8462522 0.3041 1.6538012 0.3193 0.8485785 
0.33527 0.5370512 0.33527 1.2683762 0.35203 0.678188 0.3193 1.5057244 0.33527 0.9228834 
0.35203 0.5733894 0.35203 0.9742765 0.36964 0.8853939 0.33527 1.333112 0.35203 0.7782317 
0.36964 0.5644564 0.36964 1.3133162 0.38812 0.8674651 0.35203 1.4437079 0.36964 0.7967428 
0.38812 0.4064034 0.38812 0.810945 0.36964 1.433599 0.38812 0.6068017 
            0.38812 1.0472477     
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3.4.2. Kupakupa seam matrix samples (background corrected) 
320 kmp NU  321 kmx N + 321 kmp U 322 kmp NU  
Q I(Q) Q I(Q) Q I(Q) 
1.648E-05 1.235E+11 1.32E-05 1.097E+11 1.314E-05 1.894E+11 
2.694E-05 1.89E+10 1.843E-05 3.883E+10 1.662E-05 7.694E+10 
3.827E-05 8.878E+09 2.453E-05 2.318E+10 2.272E-05 2.417E+10 
4.785E-05 4.961E+09 2.888E-05 1.385E+10 2.708E-05 1.271E+10 
5.831E-05 2.997E+09 3.411E-05 8.772E+09 3.231E-05 8.262E+09 
6.789E-05 2.117E+09 3.934E-05 6.403E+09 3.754E-05 5.732E+09 
7.835E-05 1.455E+09 4.457E-05 4.674E+09 4.277E-05 4.3E+09 
9.926E-05 693723639 4.98E-05 3.242E+09 4.799E-05 3.234E+09 
0.0003049 29621492 5.415E-05 2.717E+09 5.322E-05 2.642E+09 
0.0005106 6632411.2 6.025E-05 2.168E+09 5.758E-05 2.103E+09 
0.0020485 88910.383 6.461E-05 1.66E+09 6.281E-05 1.697E+09 
0.00396 18667.929 6.984E-05 1.393E+09 6.804E-05 1.45E+09 
0.00415 13981.168 7.507E-05 1.051E+09 7.326E-05 1.15E+09 
0.00436 12203.192 8.117E-05 959623849 7.849E-05 920305148 
0.00458 11148.114 0.0001012 517238386 8.372E-05 814142936 
0.00481 7757.7677 0.000306 27723491 0.0001046 457335002 
0.00505 8654.9553 0.0005116 5121950.7 0.0003094 23133392 
0.0053 6307.0456 0.0020496 118705.03 0.0005151 5332318.1 
0.00557 6057.4892 0.00415 19793.169 0.0020539 90948.943 
0.00584 4576.2942 0.00436 17168.851 0.00396 18708.12 
0.00614 3827.688 0.00458 14649.292 0.00415 12995.554 
0.00644 3465.0898 0.00481 13100.853 0.00436 14381.002 
0.00676 2518.344 0.00505 10897.546 0.00458 11029.191 
0.0071 2167.561 0.0053 8235.8878 0.00481 9712.5436 
0.00746 2021.2517 0.00557 7745.9898 0.00505 8338.0133 
0.00783 1587.0949 0.00584 5586.6206 0.0053 7564.9903 
0.00822 1420.3189 0.00614 5069.301 0.00557 5697.0391 
0.00863 1160.7257 0.00644 4273.2747 0.00584 5380.8459 
0.00907 1037.3704 0.00676 3480.0932 0.00614 4223.1576 
0.00952 852.82788 0.0071 3078.5478 0.00644 3621.1971 
0.00999 745.07194 0.00746 2484.4199 0.00676 3234.9606 
0.01049 647.11616 0.00783 2253.8469 0.0071 2363.0341 
0.01102 547.20904 0.00822 1867.0503 0.00746 2135.3536 
0.01157 509.86194 0.00863 1561.8682 0.00783 1816.8238 
0.01215 415.11753 0.00907 1340.8346 0.00822 1664.1526 
0.01276 379.32152 0.00952 1116.1238 0.00863 1391.2707 
0.01339 312.79524 0.00999 989.84748 0.00907 1139.8567 
0.01406 263.60814 0.01049 829.81234 0.00952 989.77582 
0.01477 233.67563 0.01102 760.09639 0.00999 873.64261 
0.0155 199.22182 0.01157 664.01172 0.01049 756.17403 
0.01628 175.69563 0.01215 602.67952 0.01102 677.50047 
0.01709 161.67233 0.01276 493.49627 0.01157 582.56325 
0.01795 137.2208 0.01339 427.82249 0.01215 518.12032 
0.01885 125.47667 0.01406 359.09357 0.01276 445.60498 
0.01979 108.39094 0.01477 309.43423 0.01339 383.96385 
0.02078 94.001507 0.0155 272.8871 0.01406 371.94762 
0.02182 85.860459 0.01628 241.1202 0.01477 293.33393 
0.02291 72.776381 0.01709 209.51807 0.0155 264.16754 
0.02405 58.600142 0.01795 208.90064 0.01628 244.00882 
0.02526 55.151235 0.01885 166.50839 0.01709 214.42674 
0.02652 48.250648 0.01979 146.78453 0.01795 181.47714 
0.02784 43.218123 0.02078 132.22068 0.01885 162.26086 
0.02924 39.378221 0.02182 122.11475 0.01979 144.30828 
0.0307 34.822055 0.02291 103.60817 0.02078 126.20112 
0.03223 29.467601 0.02405 92.812851 0.02182 113.4364 
0.03385 31.203751 0.02526 86.9243 0.02291 100.09778 
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0.03554 25.074238 0.02652 72.02207 0.02405 92.019533 
0.03731 23.834942 0.02784 70.235907 0.02526 85.413918 
0.03918 20.343725 0.02924 60.153406 0.02652 72.498727 
0.04114 17.788967 0.0307 54.010691 0.02784 65.488074 
0.0432 16.845671 0.03223 48.738018 0.02924 59.781843 
0.04536 15.899402 0.03385 44.593893 0.0307 53.660075 
0.04762 14.416022 0.03554 41.419885 0.03223 48.83071 
0.05 13.401041 0.03731 36.481748 0.03385 42.390245 
0.05251 10.752817 0.03918 31.93994 0.03554 40.227053 
0.05513 11.188833 0.04114 27.990519 0.03731 36.722851 
0.05789 9.6594134 0.0432 26.860169 0.03918 31.828524 
0.06078 8.9322322 0.04536 24.021061 0.04114 29.74033 
0.06382 8.9505552 0.04762 21.483789 0.0432 26.048445 
0.06701 7.6130049 0.05 20.831589 0.04536 25.108713 
0.07036 7.2206679 0.05251 18.546935 0.04762 22.250765 
0.07388 6.8511245 0.05513 16.924605 0.05 20.26756 
0.07757 6.3448337 0.05789 16.628482 0.05251 18.067042 
0.08145 5.6420096 0.06078 13.670141 0.05513 16.664802 
0.08553 5.3711888 0.06382 12.800566 0.05789 14.66073 
0.0898 4.7122512 0.06701 11.927087 0.06078 14.830955 
0.09429 4.9508067 0.07036 10.685315 0.06382 12.297363 
0.09901 4.0944629 0.07388 9.1948803 0.06701 11.222734 
0.10396 3.9988982 0.07757 8.8425646 0.07036 10.736985 
0.10915 3.827079 0.08145 8.0791541 0.07388 9.5495918 
0.11461 3.7732073 0.08553 7.1927638 0.07757 9.005245 
0.12034 3.3566257 0.0898 6.5739161 0.08145 8.5766792 
0.12636 3.070003 0.09429 6.2652888 0.08553 7.5860097 
0.13268 3.0494227 0.09901 5.6968402 0.0898 6.9771663 
0.13931 2.6869607 0.10396 4.8566988 0.09429 6.5771748 
0.14628 2.3146915 0.10915 4.3893836 0.09901 6.1798379 
0.15359 2.417327 0.11461 4.2941382 0.10396 5.6648705 
0.16127 2.1078203 0.12034 3.9355325 0.10915 5.0124023 
0.16933 2.0265827 0.12636 3.6379605 0.11461 4.7559009 
0.1778 1.8299206 0.13268 3.5683716 0.12034 4.9947767 
0.18669 1.6720254 0.13931 3.0709947 0.12636 4.4687498 
0.19603 1.7732441 0.14628 2.8608248 0.13268 4.1622054 
0.20583 1.6584311 0.15359 2.6929902 0.13931 3.9994766 
0.21612 1.5567797 0.16127 2.4504865 0.14628 3.5539538 
0.22692 1.1914277 0.16933 2.6366404 0.15359 3.5786066 
0.23827 1.3588369 0.1778 2.4917507 0.16127 3.3574588 
0.25018 1.0339576 0.18669 1.7466554 0.16933 3.1767598 
0.26269 0.8367837 0.19603 1.8115326 0.1778 3.065783 
0.27583 0.7875461 0.20583 1.4048701 0.18669 2.8343381 
0.28962 0.6699746 0.21612 1.8887798 0.19603 2.4113835 
0.3041 0.4692485 0.22692 1.3403424 0.20583 2.5131144 
0.3193 0.3464609 0.23827 1.2742308 0.21612 2.3043046 
0.33527 0.4927893 0.25018 0.8735463 0.22692 2.0880729 
0.35203 0.305064 0.26269 0.9584768 0.23827 2.0790258 
0.36964 0.5910909 0.27583 1.101188 0.25018 1.6532468 
0.38812 0.1458379 0.28962 0.7838221 0.26269 1.7119112 
    0.3041 0.9432259 0.27583 1.5793547 
    0.3193 0.7625971 0.28962 1.8480202 
    0.33527 0.5460063 0.3041 1.5188225 
    0.35203 0.607825 0.3193 0.9677923 
    0.36964 0.395889 0.33527 1.0043113 
    0.35203 0.7564536 
    0.36964 1.0685431 
        0.38812 1.0261923 
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3.4.3. Vitrain samples (background corrected) 
323 rvp NU  326 kvx N + 326 kvp U  327 kvp NU  
Q I(Q) Q I(Q) Q I(Q) 
1.764E-05 4.939E+10 1.701E-05 3.771E+11 1.755E-05 3.872E+10 
2.897E-05 1.301E+10 2.311E-05 1.732E+11 2.801E-05 1.049E+10 
3.856E-05 5.692E+09 2.747E-05 6.528E+10 3.846E-05 4.233E+09 
4.901E-05 3.018E+09 3.269E-05 4.418E+10 4.892E-05 2.332E+09 
5.947E-05 1.97E+09 3.792E-05 2.652E+10 5.938E-05 1.444E+09 
6.993E-05 1.169E+09 4.315E-05 2.17E+10 6.983E-05 957454816 
7.951E-05 762880197 4.838E-05 1.376E+10 7.942E-05 671724276 
0.0001004 355561382 5.361E-05 1.07E+10 0.0001003 340498280 
0.0003052 9286509.9 5.796E-05 7.662E+09 0.000306 14989365 
0.0005117 2212668.2 6.406E-05 7.076E+09 0.0005108 2655697.4 
0.0020497 58300.17 6.842E-05 4.526E+09 0.0020496 54507.242 
0.00415 6839.2068 7.365E-05 3.38E+09 0.00396 9963.6211 
0.00436 4974.2528 7.888E-05 3.023E+09 0.00415 9047.0662 
0.00458 4018.2072 9.979E-05 1.366E+09 0.00436 5327.472 
0.00481 4249.6342 0.0003046 27968815 0.00458 6283.6639 
0.00505 2867.8657 0.0005102 6626346.2 0.00481 6159.5731 
0.0053 2969.7627 0.00415 8536.3963 0.00505 4308.1759 
0.00557 1996.7175 0.00436 5665.3103 0.0053 3941.3209 
0.00584 1972.2384 0.00458 4660.6761 0.00557 3091.8122 
0.00614 1635.1452 0.00481 5317.6083 0.00584 2916.6228 
0.00644 1496.0452 0.00505 4596.6711 0.00614 2612.1497 
0.00676 1197.9949 0.0053 3521.9849 0.00644 1935.2633 
0.0071 1041.1849 0.00557 2856.3777 0.00676 1816.8085 
0.00746 843.20139 0.00584 2517.7996 0.0071 1625.3108 
0.00783 763.47902 0.00614 2405.1174 0.00746 1219.0867 
0.00822 668.64985 0.00644 2147.1943 0.00783 1009.8254 
0.00863 636.6232 0.00676 1827.7117 0.00822 941.96912 
0.00907 585.84111 0.0071 1649.4691 0.00863 759.2617 
0.00952 442.50994 0.00746 1379.6458 0.00907 767.61073 
0.00999 434.10762 0.00783 1147.4748 0.00952 619.46 
0.01049 387.65729 0.00822 1059.6575 0.00999 551.81697 
0.01102 386.01379 0.00863 933.55246 0.01049 518.83877 
0.01157 341.98313 0.00907 824.53753 0.01102 398.09132 
0.01215 287.50723 0.00952 725.95606 0.01157 377.35154 
0.01276 253.88076 0.00999 616.64357 0.01215 327.4877 
0.01339 223.70696 0.01049 541.70472 0.01276 287.17812 
0.01406 215.95642 0.01102 519.18461 0.01339 262.6437 
0.01477 187.82593 0.01157 442.037 0.01406 223.18642 
0.0155 168.717 0.01215 410.35016 0.01477 211.57325 
0.01628 162.31898 0.01276 348.51826 0.0155 177.77651 
0.01709 142.3349 0.01339 333.01052 0.01628 170.37925 
0.01795 132.19198 0.01406 289.37698 0.01709 152.46696 
0.01885 125.49607 0.01477 275.86003 0.01795 139.17357 
0.01979 111.26067 0.0155 238.8441 0.01885 118.90856 
0.02078 100.84243 0.01628 233.03478 0.01979 111.15243 
0.02182 95.376419 0.01709 206.62049 0.02078 94.794104 
0.02291 91.719425 0.01795 191.55632 0.02182 84.783238 
0.02405 81.85805 0.01885 175.45531 0.02291 82.651291 
0.02526 73.650747 0.01979 159.33176 0.02405 67.84402 
0.02652 71.679513 0.02078 155.22966 0.02526 65.395215 
0.02784 68.855746 0.02182 136.98017 0.02652 56.13754 
0.02924 60.729903 0.02291 130.88598 0.02784 58.802802 
0.0307 57.560209 0.02405 117.59598 0.02924 50.089498 
0.03223 51.674628 0.02526 106.15253 0.0307 42.021715 
0.03385 46.503891 0.02652 99.902358 0.03223 42.897276 
0.03554 44.604912 0.02784 99.798899 0.03385 38.274497 
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0.03731 38.693908 0.02924 87.6477 0.03554 35.621307 
0.03918 37.236521 0.0307 79.486318 0.03731 32.16759 
0.04114 33.858543 0.03223 78.356422 0.03918 29.209626 
0.0432 30.991436 0.03385 72.988782 0.04114 26.748615 
0.04536 27.720765 0.03554 70.26729 0.0432 26.050173 
0.04762 26.001656 0.03731 65.100332 0.04536 23.469714 
0.05 24.117092 0.03918 58.074124 0.04762 20.234517 
0.05251 21.03783 0.04114 53.166755 0.05 20.355543 
0.05513 18.43044 0.0432 51.985731 0.05251 18.648264 
0.05789 17.484447 0.04536 46.108944 0.05513 17.473923 
0.06078 15.938953 0.04762 40.965752 0.05789 15.685198 
0.06382 14.881577 0.05 39.370266 0.06078 14.33958 
0.06701 12.932936 0.05251 35.24015 0.06382 13.203785 
0.07036 11.758691 0.05513 32.561203 0.06701 11.632286 
0.07388 11.263231 0.05789 30.20316 0.07036 10.880991 
0.07757 10.431269 0.06078 25.876926 0.07388 10.116195 
0.08145 9.0019913 0.06382 24.730392 0.07757 9.3944594 
0.08553 8.4011919 0.06701 22.286428 0.08145 8.4445687 
0.0898 7.7181317 0.07036 20.091126 0.08553 8.2704435 
0.09429 6.9489634 0.07388 17.641717 0.0898 7.202922 
0.09901 6.2970679 0.07757 15.8023 0.09429 6.5394771 
0.10396 6.0479875 0.08145 13.349179 0.09901 6.2027912 
0.10915 5.4296462 0.08553 13.038619 0.10396 5.664515 
0.11461 5.0214671 0.0898 11.506401 0.10915 5.0612692 
0.12034 4.7720404 0.09429 9.7563905 0.11461 5.0944764 
0.12636 4.5797134 0.09901 9.3053184 0.12034 4.8816201 
0.13268 3.9870454 0.10396 8.4409988 0.12636 4.0917525 
0.13931 3.5756995 0.10915 7.3984369 0.13268 3.8939816 
0.14628 3.7625016 0.11461 6.5985454 0.13931 3.7654248 
0.15359 3.0855309 0.12034 6.5710849 0.14628 3.4327173 
0.16127 3.1169862 0.12636 5.7568666 0.15359 3.3814806 
0.16933 3.1414103 0.13268 5.2075746 0.16127 3.195559 
0.1778 3.1153043 0.13931 4.8615022 0.16933 2.9003073 
0.18669 2.7179003 0.14628 4.4582451 0.1778 2.9870705 
0.19603 2.7408372 0.15359 4.0885377 0.18669 2.603517 
0.20583 2.1451045 0.16127 3.6915107 0.19603 2.2248578 
0.21612 1.9476126 0.16933 3.4518457 0.20583 2.2947883 
0.22692 2.02486 0.1778 3.1961063 0.21612 2.0161305 
0.23827 2.1427417 0.18669 2.8905105 0.22692 1.5889873 
0.25018 1.5939071 0.19603 2.6529436 0.23827 1.7966328 
0.26269 1.6639036 0.20583 2.4081391 0.25018 1.590712 
0.27583 1.4943268 0.21612 2.2811381 0.26269 1.7353033 
0.28962 1.2432418 0.22692 2.2857156 0.27583 1.7075186 
0.3041 1.267183 0.23827 2.0703672 0.28962 1.0661967 
0.3193 1.1961738 0.25018 1.8447772 0.3041 1.3398252 
0.33527 1.5112728 0.26269 1.7806391 0.3193 0.719536 
0.35203 1.2549286 0.27583 1.3298787 0.33527 1.0549641 
0.36964 1.1208981 0.28962 1.7361899 0.35203 0.8971727 
0.38812 0.8561882 0.3041 1.3266345 0.36964 0.7230613 
    0.3193 1.3286263 0.38812 0.9044246 
    0.33527 1.0863409     
    0.35203 1.1365321     
    0.36964 1.0714717     
    0.38812 0.7090667     
      N = SANS, U = USANS analysed sample. 
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3.5. Pore size distribution SAXS/USAXS 
3.5.1. Renown seam matrix samples perpendicular 
318 rmx ave 319 rmx ave 610 rmx ave 611 rmx ave 612 rmx ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.849298 5.0118722 0.7900302 5.0118722 0.8407185 5.0118722 0.7574371 5.0118722 0.7008196 
6.3095736 0.0010607 6.3095736 0.0375889 6.3095736 0.0064786 6.3095736 0.0642701 6.3095736 0.1031815 
7.943283 9.379E-05 7.943283 0.0050376 7.943283 0.0011544 7.943283 0.0009628 7.943283 0.0146816 
10 9.289E-05 10 0.0020117 10 0.0002268 10 0.0042711 10 0.000802 
12.589255 0.0027993 12.589255 0.0018064 12.589255 0.0016093 12.589255 0.0014851 12.589255 0.0003518 
15.848934 0.0003838 15.848934 0.0012269 15.848934 0.0011315 15.848934 0.0019925 15.848934 0.0010854 
19.952626 0.0005238 19.952626 0.0007732 19.952626 0.0006453 19.952626 0.0003245 19.952626 0.0003894 
25.11887 0.00041 25.11887 0.0003967 25.11887 0.0003421 25.11887 0.0006201 25.11887 0.0003872 
31.622785 0.00011 31.622785 0.0001638 31.622785 0.0001437 31.622785 0.0001403 31.622785 8.152E-05 
39.81073 4.788E-05 39.81073 6.136E-05 39.81073 5.243E-05 39.81073 6.641E-05 39.81073 6.079E-05 
50.118743 1.518E-05 50.118743 1.852E-05 50.118743 1.553E-05 50.118743 2.866E-05 50.118743 1.193E-05 
63.095762 2.067E-06 63.095762 4.104E-06 63.095762 3.931E-06 63.095762 4.647E-06 63.095762 5.214E-06 
79.432863 4.325E-07 79.432863 1.062E-06 79.432863 1.2E-06 79.432863 1.27E-06 79.432863 1.872E-06 
100.00005 2.511E-07 100.00005 3.092E-07 100.00005 3.581E-07 100.00005 4.013E-07 100.00005 3.671E-07 
125.89258 7.055E-08 125.89258 1.172E-07 125.89258 9.331E-08 125.89258 1.576E-07 125.89258 1.568E-07 
158.48934 1.473E-08 158.48934 4.62E-08 158.48934 3.783E-08 158.48934 6.135E-08 158.48934 6.786E-08 
199.52621 1.026E-08 199.52621 1.668E-08 199.52621 2.015E-08 199.52621 1.083E-08 199.52621 2.16E-08 
251.18856 4.282E-09 251.18856 6.745E-09 251.18856 6.108E-09 251.18856 5.746E-09 251.18856 8.087E-09 
316.22759 2.09E-09 316.22759 2.569E-09 316.22759 1.844E-09 316.22759 3.961E-09 316.22759 3.111E-09 
398.10686 4.892E-10 398.10686 1.022E-09 398.10686 9.165E-10 398.10686 8.376E-10 398.10686 1.27E-09 
501.18674 2.35E-10 501.18674 4.201E-10 501.18674 4.244E-10 501.18674 4.587E-10 501.18674 5.219E-10 
630.95658 1.154E-10 630.95658 1.789E-10 630.95658 9.127E-11 630.95658 1.489E-10 630.95658 1.931E-10 
794.3271 6.86E-11 794.3271 7.549E-11 794.3271 5.407E-11 794.3271 6.418E-11 794.3271 6.624E-11 
999.99835 1.073E-11 999.99835 2.635E-11 999.99835 2.562E-11 999.99835 2.244E-11 999.99835 3.624E-11 
1258.9231 1.169E-11 1258.9231 1.135E-11 1258.9231 6.056E-12 1258.9231 1.81E-11 1258.9231 1.167E-11 
1584.8899 5.234E-12 1584.8899 4.244E-12 1584.8899 2.566E-12 1584.8899 3.442E-12 1584.8899 5.196E-12 
1995.2577 4.85E-13 1995.2577 1.423E-12 1995.2577 1.07E-12 1995.2577 2.23E-12 1995.2577 1.535E-12 
2511.8801 5.644E-13 2511.8801 6.096E-13 2511.8801 3.387E-13 2511.8801 1.044E-12 2511.8801 7.393E-13 
3162.269 2.103E-13 3162.269 2.571E-13 3162.269 1.683E-13 3162.269 3.451E-13 3162.269 3.855E-13 
3981.0599 5.529E-14 3981.0599 1.1E-13 3981.0599 6.558E-14 3981.0599 1.356E-13 3981.0599 9.354E-14 
5011.8564 2.901E-14 5011.8564 7.672E-14 5011.8564 2.697E-14 5011.8564 7.61E-14 5011.8564 8.591E-14 
6309.552 1.092E-14 6309.552 2.108E-14 6309.552 1.1E-14 6309.552 2.176E-14 6309.552 1.831E-14 
7943.2536 3.341E-15 7943.2536 9.072E-15 7943.2536 2.252E-15 7943.2536 1.187E-14 7943.2536 1.373E-14 
9999.9616 2.137E-15 9999.9616 3.392E-15 9999.9616 9.179E-16 9999.9616 4.079E-15 9999.9616 5.7E-15 
12589.21 1.545E-16 12589.21 1.409E-15 12589.21 9.178E-16 12589.21 2.42E-15 12589.21 1.654E-15 
15848.873 3.84E-16 15848.873 7.222E-16 15848.873 2.838E-16 15848.873 6.677E-16 15848.873 1.2E-15 
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3.5.2. Renown seam matrix samples parallel 
318 rmp ave 319 rmp ave 610 rmp ave 611 rmp ave 612 rmp ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.6835003 5.0118722 0.6915077 5.0118722 0.791151 5.0118722 0.6307985 5.2714125 0.1625829 
6.3095736 0.103295 6.3095736 0.0939757 6.3095736 0.0246193 6.3095736 0.0854502 6.6363155 0.0691986 
7.943283 0.0192793 7.943283 0.0217843 7.943283 0.0071547 7.943283 0.0277366 8.3546264 0.2944236 
10 0.0041614 10 0.004399 10 0.0104752 10 0.0307148 10.517851 0.0471556 
12.589255 0.0012425 12.589255 0.0013989 12.589255 0.0009952 12.589255 0.0045852 13.241191 0.0004697 
15.848934 0.0008902 15.848934 0.0005221 15.848934 0.0004173 15.848934 0.0002577 16.669672 0.0016516 
19.952626 0.0006255 19.952626 0.0006041 19.952626 0.00068 19.952626 0.001016 20.985875 0.0005728 
25.11887 0.0003325 25.11887 0.0003582 25.11887 0.0003225 25.11887 0.0003479 26.419653 0.0011987 
31.622785 0.0001677 31.622785 0.0001367 31.622785 0.0001611 31.622785 0.0002245 33.260374 0.0002859 
39.81073 7.264E-05 39.81073 8.945E-05 39.81073 6.972E-05 39.81073 9.878E-05 41.872333 0.0001485 
50.118743 2.993E-05 50.118743 3.21E-05 50.118743 3.033E-05 50.118743 3.384E-05 52.714147 5.538E-05 
63.095762 1.035E-05 63.095762 1.181E-05 63.095762 1.059E-05 63.095762 1.828E-05 66.363182 1.879E-05 
79.432863 2.547E-06 79.432863 3.866E-06 79.432863 3.425E-06 79.432863 4.232E-06 83.546301 7.2E-06 
100.00005 6.144E-07 100.00005 9.285E-07 100.00005 8.232E-07 100.00005 1.397E-06 105.17856 1.786E-06 
125.89258 2.17E-07 125.89258 2.889E-07 125.89258 3.404E-07 125.89258 3.907E-07 132.41193 5.629E-07 
158.48934 9.294E-08 158.48934 1.08E-07 158.48934 1.03E-07 158.48934 1.25E-07 166.69671 1.532E-07 
199.52621 3.312E-08 199.52621 3.493E-08 199.52621 3.269E-08 199.52621 4.226E-08 209.85868 6.878E-08 
251.18856 9.327E-09 251.18856 1.42E-08 251.18856 1.491E-08 251.18856 1.733E-08 264.19637 2.272E-08 
316.22759 3.648E-09 316.22759 4.645E-09 316.22759 5.153E-09 316.22759 4.852E-09 332.60345 6.422E-09 
398.10686 1.481E-09 398.10686 1.742E-09 398.10686 1.945E-09 398.10686 2.356E-09 418.72284 1.71E-09 
501.18674 5.011E-10 501.18674 7.779E-10 501.18674 7.209E-10 501.18674 7.899E-10 527.14071 1.204E-09 
630.95658 2.557E-10 630.95658 3.513E-10 630.95658 2.943E-10 630.95658 3.377E-10 663.63069 3.358E-10 
794.3271 8.685E-11 794.3271 1.442E-10 794.3271 1.301E-10 794.3271 1.164E-10 835.46135 1.326E-10 
999.99835 3.552E-11 999.99835 6.838E-11 999.99835 3.64E-11 999.99835 5.656E-11 1051.7833 4.022E-11 
1258.9231 1.756E-11 1258.9231 2.21E-11 1258.9231 1.985E-11 1258.9231 2.256E-11 1324.1164 2.319E-11 
1584.8899 5.848E-12 1584.8899 1.07E-11 1584.8899 6.758E-12 1584.8899 8.265E-12 1666.9635 1.035E-11 
1995.2577 3.427E-12 1995.2577 3.9E-12 1995.2577 2.836E-12 1995.2577 3.465E-12 2098.5822 3.11E-12 
2511.8801 1.15E-12 2511.8801 1.776E-12 2511.8801 1.167E-12 2511.8801 1.332E-12 2641.9579 1.551E-12 
3162.269 6.541E-13 3162.269 8.65E-13 3162.269 5.245E-13 3162.269 7.306E-13 3326.0272 1.121E-12 
3981.0599 2.276E-13 3981.0599 2.227E-13 3981.0599 2.054E-13 3981.0599 1.5E-13 4187.2192 4.391E-13 
5011.8564 1.006E-13 5011.8564 1.692E-13 5011.8564 1.074E-13 5011.8564 1.265E-13 5271.3955 2.675E-13 
6309.552 5.661E-14 6309.552 4.145E-14 6309.552 1.71E-14 6309.552 4.606E-14 6636.2923 1.084E-13 
7943.2536 1.487E-14 7943.2536 1.724E-14 7943.2536 1.853E-14 7943.2536 9.918E-15 8354.5952 5.225E-14 
9999.9616 2.912E-15 9999.9616 5.788E-15 9999.9616 6.841E-15 9999.9616 1.05E-14 10517.811 2.252E-14 
12589.21 1.308E-15 12589.21 4.098E-15 12589.21 4.813E-15 12589.21 3.166E-15 13241.142 4.787E-15 
15848.873 1.199E-15 15848.873 1.91E-15 15848.873 2.457E-15 15848.873 1.708E-15 16669.607 2.203E-15 
19952.544 5.62E-16 19952.544 8.124E-16 19952.544 9.248E-16 19952.544 5.303E-16 20985.787 1.913E-15 
25118.76 2.534E-16 25118.76 3.466E-16             
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3.5.3. Kupakupa seam matrix samples perpendicular 
320 kmx ave 321 kmx ave 322 kmx ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.7999358 5.0118722 0.7439467 5.0118722 0.7655401 
6.3095736 0.0343933 6.3095736 0.0632211 6.3095736 0.0489933 
7.943283 0.0027113 7.943283 0.0103158 7.943283 0.0062406 
10 0.0010206 10 0.0030209 10 0.0015775 
12.589255 0.0019864 12.589255 0.0019666 12.589255 0.0032101 
15.848934 0.0008619 15.848934 0.0015383 15.848934 0.0017913 
19.952626 0.0009194 19.952626 0.0011535 19.952626 0.0013058 
25.11887 0.0003734 25.11887 0.0004079 25.11887 0.000556 
31.622785 0.0001724 31.622785 0.0002079 31.622785 0.0002573 
39.81073 5.964E-05 39.81073 7.271E-05 39.81073 8.411E-05 
50.118743 1.483E-05 50.118743 2.371E-05 50.118743 2.308E-05 
63.095762 4.442E-06 63.095762 6.937E-06 63.095762 5.794E-06 
79.432863 1.374E-06 79.432863 1.888E-06 79.432863 1.903E-06 
100.00005 4.527E-07 100.00005 5.794E-07 100.00005 6.619E-07 
125.89258 1.778E-07 125.89258 2.019E-07 125.89258 2.308E-07 
158.48934 6.484E-08 158.48934 7.79E-08 158.48934 8.63E-08 
199.52621 2.344E-08 199.52621 2.786E-08 199.52621 3.495E-08 
251.18856 1.017E-08 251.18856 1.015E-08 251.18856 1.351E-08 
316.22759 3.852E-09 316.22759 3.78E-09 316.22759 5.374E-09 
398.10686 1.356E-09 398.10686 1.252E-09 398.10686 1.892E-09 
501.18674 6.88E-10 501.18674 5.504E-10 501.18674 1.015E-09 
630.95658 2.492E-10 630.95658 2.574E-10 630.95658 3.273E-10 
794.3271 9.106E-11 794.3271 1.203E-10 794.3271 1.381E-10 
999.99835 4.03E-11 999.99835 4.48E-11 999.99835 6.664E-11 
1258.9231 1.496E-11 1258.9231 1.607E-11 1258.9231 2.742E-11 
1584.8899 5.235E-12 1584.8899 7.629E-12 1584.8899 1.023E-11 
1995.2577 1.923E-12 1995.2577 3.176E-12 1995.2577 5.327E-12 
2511.8801 6.799E-13 2511.8801 1.491E-12 2511.8801 2.124E-12 
3162.269 2.152E-13 3162.269 4.981E-13 3162.269 1.068E-12 
3981.0599 1.138E-13 3981.0599 2.123E-13 3981.0599 3.498E-13 
5011.8564 4.275E-14 5011.8564 1.264E-13 5011.8564 1.278E-13 
6309.552 1.017E-14 6309.552 2.719E-14 6309.552 4.313E-14 
7943.2536 4.316E-15 7943.2536 1.471E-14 7943.2536 1.868E-14 
9999.9616 1.95E-15 9999.9616 5.224E-15 9999.9616 5.564E-15 
12589.21 1.052E-15 12589.21 2.396E-15 12589.21 1.813E-15 
15848.873 2.746E-16 15848.873 9.288E-16     
19952.544 3.948E-17 19952.544 6.066E-16     
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3.5.4. Kupakupa seam matrix samples parallel 
320 kmp ave 321 kmp ave 322 kmp ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.5626057 5.0118722 0.8320709 5.2714125 0.6839084 
6.3095736 0.1618184 6.3095736 0.0120571 6.6363155 0.0825604 
7.943283 0.0417866 7.943283 0.0017996 8.3546264 0.0141263 
10 0.0074985 10 0.0010637 10.517851 0.0030001 
12.589255 0.0017258 12.589255 0.0027071 13.241191 0.0012313 
15.848934 0.0017097 15.848934 0.0004047 16.669672 0.0010461 
19.952626 0.0005453 19.952626 0.0003509 20.985875 0.000695 
25.11887 0.000556 25.11887 0.0003017 26.419653 0.0003192 
31.622785 0.0001633 31.622785 9.783E-05 33.260374 0.0001419 
39.81073 8.678E-05 39.81073 5.511E-05 41.872333 8.108E-05 
50.118743 3.549E-05 50.118743 2.103E-05 52.714147 2.944E-05 
63.095762 1.434E-05 63.095762 6.226E-06 66.363182 1.026E-05 
79.432863 5.089E-06 79.432863 2.182E-06 83.546301 3.856E-06 
100.00005 1.923E-06 100.00005 9.63E-07 105.17856 1.159E-06 
125.89258 7.047E-07 125.89258 2.263E-07 132.41193 3.82E-07 
158.48934 2.766E-07 158.48934 6.487E-08 166.69671 1.469E-07 
199.52621 1.024E-07 199.52621 2.704E-08 209.85868 6.277E-08 
251.18856 4.322E-08 251.18856 8.383E-09 264.19637 2.643E-08 
316.22759 1.69E-08 316.22759 3.334E-09 332.60345 7.594E-09 
398.10686 6.445E-09 398.10686 1.113E-09 418.72284 3.229E-09 
501.18674 2.604E-09 501.18674 4.092E-10 527.14071 1.503E-09 
630.95658 1.269E-09 630.95658 2.646E-10 663.63069 4.798E-10 
794.3271 4.874E-10 794.3271 8.323E-11 835.46135 2.346E-10 
999.99835 2.147E-10 999.99835 1.657E-11 1051.7833 1.02E-10 
1258.9231 8.297E-11 1258.9231 1.581E-11 1324.1164 3.528E-11 
1584.8899 4.107E-11 1584.8899 5.264E-12 1666.9635 1.298E-11 
1995.2577 1.439E-11 1995.2577 1.443E-12 2098.5822 7.652E-12 
2511.8801 6.683E-12 2511.8801 1.137E-12 2641.9579 2.937E-12 
3162.269 3.233E-12 3162.269 2.84E-13 3326.0272 1.682E-12 
3981.0599 9.759E-13 3981.0599 1.701E-13 4187.2192 5.825E-13 
5011.8564 6.683E-13 5011.8564 5.7E-14 5271.3955 3.196E-13 
6309.552 2.108E-13 6309.552 1.948E-14 6636.2923 6.224E-14 
7943.2536 7.906E-14 7943.2536 1.165E-14 8354.5952 2.89E-14 
9999.9616 3.632E-14 9999.9616 2.721E-15 10517.811 1.162E-14 
12589.21 1.67E-14 12589.21 1.461E-15 13241.142 2.832E-15 
15848.873 6.856E-15 15848.873 5.922E-16 16669.607 1.876E-15 
19952.544 2.948E-15 19952.544 3.291E-16 20985.787 1.014E-15 
25118.76 1.095E-15 25118.76 2.406E-16 25118.76 4.676E-16 
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3.5.5. Vitrain samples perpendicular 
323 rvx ave 326 kvx ave 327 kvx ave 328 kvx ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.5887388 5.0118722 0.8452238 5.0118722 0.8218935 5.0118722 0.8146065 
6.3095736 0.037734 6.3095736 0.0017546 6.3095736 0.0094507 6.3095736 0.0187049 
7.943283 0.0049076 7.943283 0.0001585 7.943283 0.0007907 7.943283 0.002161 
10 0.0020402 10 0.0001252 10 0.0004464 10 0.0004848 
12.589255 0.0481477 12.589255 0.0027335 12.589255 0.0036592 12.589255 0.0014235 
15.848934 0.0038519 15.848934 0.0011128 15.848934 0.0020791 15.848934 0.002469 
19.952626 0.007558 19.952626 0.0005967 19.952626 0.0015377 19.952626 0.0010378 
25.11887 0.0063879 25.11887 0.0004054 25.11887 0.0007439 25.11887 0.0007221 
31.622785 0.0022034 31.622785 0.0001768 31.622785 0.0003284 31.622785 0.0003085 
39.81073 0.0008864 39.81073 5.975E-05 39.81073 0.0001034 39.81073 0.0001025 
50.118743 2.971E-05 50.118743 2.15E-05 50.118743 1.259E-05 50.118743 1.375E-05 
63.095762 3.351E-06 63.095762 5.408E-06 63.095762 2.345E-06 63.095762 1.841E-06 
79.432863 4.746E-07 79.432863 7.98E-07 79.432863 6.632E-07 79.432863 5.88E-07 
100.00005 1.506E-07 100.00005 2.222E-07 100.00005 2.526E-07 100.00005 2.43E-07 
125.89258 9.593E-08 125.89258 7.328E-08 125.89258 9.999E-08 125.89258 8.301E-08 
158.48934 1.068E-07 158.48934 3.648E-08 158.48934 3.225E-08 158.48934 2.478E-08 
199.52621 3.988E-08 199.52621 1.14E-08 199.52621 9.638E-09 199.52621 1.022E-08 
251.18856 4.702E-09 251.18856 2.331E-09 251.18856 3.407E-09 251.18856 4.884E-09 
316.22759 1.982E-09 316.22759 7.843E-10 316.22759 1.286E-09 316.22759 1.204E-09 
398.10686 2.531E-09 398.10686 4.585E-10 398.10686 4.985E-10 398.10686 5.333E-10 
501.18674 5.289E-10 501.18674 2.092E-10 501.18674 1.464E-10 501.18674 4.043E-10 
630.95658 1.181E-10 630.95658 3.509E-11 630.95658 4.923E-11 630.95658 1.442E-10 
794.3271 1.397E-10 794.3271 2.094E-11 794.3271 2.683E-11 794.3271 2.51E-11 
999.99835 6.074E-11 999.99835 8.341E-12 999.99835 1.191E-11 999.99835 3.351E-11 
1258.9231 2.075E-11 1258.9231 4.276E-12 1258.9231 5.02E-12 1258.9231 1.094E-11 
1584.8899 1.403E-11 1584.8899 1.458E-12 1584.8899 2.81E-12 1584.8899 4.427E-12 
1995.2577 3.589E-12 1995.2577 5.344E-13 1995.2577 1.081E-12 1995.2577 2.875E-12 
2511.8801 2.783E-12 2511.8801 1.444E-13 2511.8801 5.816E-13 2511.8801 7.473E-13 
3162.269 1.125E-12 3162.269 1.101E-13 3162.269 2.826E-13 3162.269 6.306E-13 
3981.0599 1.121E-12 3981.0599 5.72E-14 3981.0599 1.226E-13 3981.0599 8.406E-14 
5011.8564 5.796E-13 5011.8564 1.882E-14 5011.8564 7.992E-14 5011.8564 1.099E-13 
6309.552 1.129E-13 6309.552 3.834E-15 6309.552 1.933E-14 6309.552 1.872E-14 
7943.2536 6.994E-14 7943.2536 2.317E-15 7943.2536 1.056E-14 7943.2536 7.592E-15 
9999.9616 2.923E-14 9999.9616 5.846E-16 9999.9616 3.094E-15 9999.9616 6.247E-15 
12589.21 8.714E-15 12589.21 6.163E-16 12589.21 1.904E-15 12589.21 8.643E-16 
15848.873 4.868E-15 15848.873 4.279E-17 15848.873 3.938E-16 15848.873 8.122E-16 
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3.5.6. Vitrain samples parallel 
323 rvp ave 327 kvp ave 328 kvp ave 
 Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r)  Ave r(Å) Ave f(r) 
5.0118722 0.8508845 5.0118722 0.8126686 5.0118722 0.8225985 
6.3095736 0.0021401 6.3095736 0.0087944 6.3095736 0.0218055 
7.943283 0.0001834 7.943283 0.0011107 7.943283 0.0024753 
10 0.0001149 10 0.00612 10 0.0007808 
12.589255 0.0018753 12.589255 0.0044783 12.589255 0.0005987 
15.848934 0.0002565 15.848934 0.0009454 15.848934 0.0007723 
19.952626 0.0005863 19.952626 0.0016054 19.952626 0.0005829 
25.11887 0.0002642 25.11887 0.0006685 25.11887 0.0001982 
31.622785 0.0001032 31.622785 0.0002711 31.622785 0.0001346 
39.81073 4.985E-05 39.81073 0.0001045 39.81073 6.744E-05 
50.118743 1.832E-05 50.118743 2.886E-05 50.118743 2.921E-05 
63.095762 5.456E-06 63.095762 4.981E-06 63.095762 8.36E-06 
79.432863 1.735E-06 79.432863 1.387E-06 79.432863 2.188E-06 
100.00005 4.775E-07 100.00005 3.88E-07 100.00005 4.717E-07 
125.89258 1.177E-07 125.89258 1.75E-07 125.89258 8.534E-08 
158.48934 4.508E-08 158.48934 4.346E-08 158.48934 1.558E-08 
199.52621 1.383E-08 199.52621 1.405E-08 199.52621 3.491E-09 
251.18856 3.3E-09 251.18856 6.937E-09 251.18856 1.015E-09 
316.22759 1.273E-09 316.22759 2.893E-09 316.22759 3.605E-10 
398.10686 2.126E-10 398.10686 7.223E-10 398.10686 1.419E-10 
501.18674 1.595E-10 501.18674 3.805E-10 501.18674 5.789E-11 
630.95658 7.334E-11 630.95658 1.501E-10 630.95658 2.071E-11 
794.3271 2.203E-11 794.3271 8.773E-11 794.3271 6.134E-12 
999.99835 7.177E-12 999.99835 3.542E-11 999.99835 2.753E-12 
1258.9231 2.352E-12 1258.9231 1.83E-11 1258.9231 1.415E-12 
1584.8899 1.565E-12 1584.8899 2.454E-12 1584.8899 4.582E-13 
1995.2577 4.305E-13 1995.2577 2.97E-12 1995.2577 2.111E-13 
2511.8801 3.021E-13 2511.8801 1.66E-12 2511.8801 1.018E-13 
3162.269 3.96E-14 3162.269 6.312E-13 3162.269 4.084E-14 
3981.0599 5.421E-14 3981.0599 4.573E-13 3981.0599 1.088E-14 
5011.8564 1.327E-14 5011.8564 1.148E-13 5011.8564 1.001E-14 
6309.552 6.642E-15 6309.552 9.724E-14 6309.552 3.303E-15 
7943.2536 2.754E-15 7943.2536 3.301E-14 7943.2536 1.289E-15 
9999.9616 8.243E-16 9999.9616 1.206E-14 9999.9616 9.052E-16 
12589.21 7.525E-16 12589.21 4.843E-15 12589.21 4.191E-16 
15848.873 2.251E-16 15848.873 2.591E-15 15848.873 3.146E-16 
    19952.544 8.595E-16 19952.544 1.053E-16 
    25118.76 6.716E-16 25118.76 5.385E-17 
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3.6. Pore size distribution SANS/USANS 
3.6.1. Renown seam matrix samples  
318 rmp N + U 319 rmx N + 319 rmp U 610 rmp NU 611 rmx N + 611 rmp U  612 rmx N + 612 rmp U  
r(Å) f(r) r(Å) f(r) r(Å) f(r) r(Å) f(r) r(Å) f(r) 
6.3095736 0.6269069 6.3095736 0.6686898 6.3095736 0.6626792 6.3095736 0.6683365 6.3095736 0.6802745 
7.943283 0.0318849 7.943283 0.0095583 7.943283 0.0151309 7.943283 0.0125298 7.943283 5.359E-06 
10 0.005789 10 0.0014952 10 0.0017264 10 0.001138 10 1.173E-05 
12.589255 0.002778 12.589255 0.0010324 12.589255 0.0005068 12.589255 0.0002348 12.589255 0.0025484 
15.848934 0.00167 15.848934 0.0004893 15.848934 0.0002679 15.848934 7.369E-05 15.848934 0.0003118 
19.952626 0.0001455 19.952626 6.163E-05 19.952626 0.0001218 19.952626 2.918E-05 19.952626 0.0001279 
25.11887 3.733E-05 25.11887 3.273E-05 25.11887 3.714E-05 25.11887 1.527E-05 25.11887 3.214E-05 
31.622785 2.837E-05 31.622785 9.196E-06 31.622785 1.354E-05 31.622785 7.732E-06 31.622785 1.076E-05 
39.81073 8.054E-06 39.81073 4.708E-06 39.81073 3.962E-06 39.81073 3.685E-06 39.81073 3.991E-06 
50.118743 2.135E-06 50.118743 8.01E-07 50.118743 1.298E-06 50.118743 9.019E-07 50.118743 9.751E-07 
63.095762 9.322E-07 63.095762 1.64E-07 63.095762 5.026E-07 63.095762 9.072E-08 63.095762 2.65E-07 
79.432863 2.046E-07 79.432863 5.362E-08 79.432863 1.197E-07 79.432863 4.893E-08 79.432863 1.009E-07 
100.00005 3.748E-08 100.00005 2.569E-08 100.00005 3.977E-08 100.00005 1.74E-08 100.00005 3.717E-08 
125.89258 1.844E-08 125.89258 7.081E-09 125.89258 1.344E-08 125.89258 1.146E-08 125.89258 1.578E-08 
158.48934 9.264E-09 158.48934 3.314E-09 158.48934 5.263E-09 158.48934 2.833E-09 158.48934 4.889E-09 
199.52621 2.394E-09 199.52621 1.442E-09 199.52621 1.509E-09 199.52621 3.095E-10 199.52621 1.878E-09 
251.18856 8.32E-10 251.18856 4.706E-10 251.18856 7.791E-10 251.18856 4.466E-11 251.18856 6.818E-10 
316.22759 3.184E-10 316.22759 2.612E-10 316.22759 2.301E-10 316.22759 8.624E-12 316.22759 4.099E-10 
398.10686 1.532E-10 398.10686 2.04E-10 398.10686 1.35E-10 398.10686 2.681E-12 398.10686 2.494E-10 
501.18674 9.653E-11 501.18674 9.673E-11 501.18674 6.527E-11 501.18674 1.151E-12 501.18674 1.345E-10 
630.95658 4.424E-11 630.95658 5.565E-11 630.95658 2.563E-11 630.95658 1.197E-12 630.95658 7.359E-11 
794.3271 3.313E-11 794.3271 1.907E-11 794.3271 1.68E-11 794.3271 2.233E-12 794.3271 2.302E-11 
999.99835 5.754E-12 999.99835 3.048E-12 999.99835 4.694E-12 999.99835 1.96E-11 999.99835 6.868E-12 
1258.9231 8.463E-12 1258.9231 1.688E-12 1258.9231 6.871E-13 1258.9231 7.612E-12 1258.9231 2.248E-12 
1584.8899 9.693E-13 1584.8899 4.073E-13 1584.8899 6.38E-13 1584.8899 3.19E-13 1584.8899 6.901E-13 
1995.2577 1.284E-12 1995.2577 9.651E-14 1995.2577 1.03E-12 1995.2577 1.204E-12 1995.2577 3.162E-12 
2511.8801 2.836E-13 2511.8801 5.612E-14 2511.8801 1.314E-13 2511.8801 1.874E-13 2511.8801 1.755E-13 
3162.269 7.147E-14 3162.269 3.099E-14 3162.269 2.246E-14 3162.269 7.007E-14 3162.269 1.806E-14 
3981.0599 1.495E-14 3981.0599 1.286E-14 3981.0599 7.549E-15 3981.0599 4.278E-14 3981.0599 3.044E-15 
5011.8564 3.312E-15 5011.8564 1.982E-14 5011.8564 2.392E-15 5011.8564 9.809E-15 5011.8564 6.741E-16 
6309.552 8.275E-16 6309.552 3.815E-15 6309.552 1.354E-15 6309.552 4.231E-15 6309.552 4.127E-16 
7943.2536 2.56E-16 7943.2536 3.205E-16 7943.2536 1.392E-15 7943.2536 2.263E-15 7943.2536 1.901E-15 
9999.9616 1.493E-16 9999.9616 9.109E-17 9999.9616 4.525E-16 9999.9616 6.68E-16 9999.9616 1.362E-15 
12589.21 2.317E-16 12589.21 1.989E-17 12589.21 1.517E-16 12589.21 2.678E-16 12589.21 1.872E-16 
15848.873 1.045E-16 15848.873 1.264E-17 15848.873 5.26E-17 15848.873 8.485E-17 15848.873 6.876E-17 
19952.544 2.213E-17 19952.544 4.201E-17 19952.544 1.629E-17 19952.544 2.366E-17 19952.544 3.053E-17 
25118.76 2.029E-17 25118.76 1.446E-17 25118.76 5.007E-18 25118.76 8.964E-18 25118.76 6.17E-18 
31622.638 6.706E-18 31622.638 1.871E-18 31622.638 2.186E-18 31622.638 3.876E-18 31622.638 3.034E-18 
39810.533 2.25E-18 39810.533 3.71E-19 39810.533 9.975E-19 39810.533 1.422E-18 39810.533 1.444E-18 
50118.481 7.406E-19 50118.481 8.132E-19 50118.481 2.379E-19 50118.481 1.481E-19 50118.481 4.826E-19 
63095.416 6.418E-19 63095.416 6.311E-19 63095.416 4.961E-20 63095.416 1.535E-20 63095.416 1.69E-19 
79432.405 6.411E-20 79432.405 1.982E-21 79432.405 1.725E-20 79432.405 4.267E-21 79432.405 5.074E-20 
99999.451 3.78E-20 99999.451 1.263E-22 99999.451 9.46E-21 99999.451 5.676E-21 99999.451 2.76E-20 
125891.82 2.595E-20 125891.82 1.504E-20 125891.82 3.485E-20 125891.82 1.552E-20 
158488.38 8.185E-21 158488.38 1.195E-20 158488.38 5.52E-20     
        199525 7.037E-21 199525 2.94E-20     
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3.6.2. Kupakupa seam matrix samples  
320 kmp NU  321 kmx N + 321 kmp U  322 kmp NU 
r(Å) f(r) r(Å) f(r) r(Å) f(r) 
6.3095736 0.4163054 6.3095736 0.5757947 6.3095736 0.650066 
7.943283 0.1592167 7.943283 0.070213 7.943283 0.0225235 
10 0.034535 10 0.0086669 10 0.0030734 
12.589255 0.0059785 12.589255 0.0021254 12.589255 0.0009607 
15.848934 0.0008386 15.848934 0.0012412 15.848934 0.0003721 
19.952626 0.0001659 19.952626 0.0003026 19.952626 0.000119 
25.11887 0.0001302 25.11887 6.62E-05 25.11887 3.706E-05 
31.622785 2.765E-05 31.622785 3.553E-05 31.622785 1.458E-05 
39.81073 8.609E-06 39.81073 1.19E-05 39.81073 4.92E-06 
50.118743 2.822E-06 50.118743 2.731E-06 50.118743 1.501E-06 
63.095762 8.975E-07 63.095762 7.896E-07 63.095762 4.878E-07 
79.432863 3.483E-07 79.432863 2.919E-07 79.432863 1.418E-07 
100.00005 1.114E-07 100.00005 1.154E-07 100.00005 4.575E-08 
125.89258 4.837E-08 125.89258 2.876E-08 125.89258 1.623E-08 
158.48934 1.988E-08 158.48934 1.14E-08 158.48934 6.211E-09 
199.52621 5.019E-09 199.52621 4.777E-09 199.52621 2.461E-09 
251.18856 2.808E-09 251.18856 2.419E-09 251.18856 8.126E-10 
316.22759 1.496E-09 316.22759 9.722E-10 316.22759 3.732E-10 
398.10686 5.564E-10 398.10686 4.46E-10 398.10686 2.251E-10 
501.18674 4.622E-10 501.18674 3.643E-10 501.18674 1.234E-10 
630.95658 1.554E-10 630.95658 1.338E-10 630.95658 4.32E-11 
794.3271 3.052E-11 794.3271 3.58E-11 794.3271 8.108E-12 
999.99835 8.614E-12 999.99835 6.591E-12 999.99835 3.056E-12 
1258.9231 2.222E-12 1258.9231 3.014E-12 1258.9231 9.37E-13 
1584.8899 2.129E-12 1584.8899 1.337E-12 1584.8899 5.87E-13 
1995.2577 2.564E-12 1995.2577 1.385E-12 1995.2577 9.157E-13 
2511.8801 5.877E-13 2511.8801 2.588E-13 2511.8801 1.57E-13 
3162.269 1.458E-13 3162.269 5.85E-14 3162.269 3.177E-14 
3981.0599 5.744E-14 3981.0599 1.863E-14 3981.0599 1.056E-14 
5011.8564 1.916E-14 5011.8564 6.655E-15 5011.8564 3.471E-15 
6309.552 8.249E-15 6309.552 3.827E-15 6309.552 1.686E-15 
7943.2536 4.751E-15 7943.2536 3.623E-15 7943.2536 1.172E-15 
9999.9616 1.68E-15 9999.9616 1.07E-15 9999.9616 4.222E-16 
12589.21 6.566E-16 12589.21 3.086E-16 12589.21 1.607E-16 
15848.873 2.312E-16 15848.873 1.1E-16 15848.873 5.385E-17 
19952.544 7.379E-17 19952.544 3.389E-17 19952.544 1.659E-17 
25118.76 2.764E-17 25118.76 1.074E-17 25118.76 5.431E-18 
31622.638 1.328E-17 31622.638 4.38E-18 31622.638 2.218E-18 
39810.533 5.882E-18 39810.533 2.046E-18 39810.533 9.43E-19 
50118.481 1.261E-18 50118.481 8.065E-19 50118.481 2.453E-19 
63095.416 3.332E-19 63095.416 2.606E-19 63095.416 5.064E-20 
79432.405 1.392E-19 79432.405 8.747E-20 79432.405 1.705E-20 
99999.451 5.76E-20 99999.451 3.772E-20 99999.451 1.057E-20 
125891.82 5.857E-20 125891.82 1.061E-20 125891.82 1.013E-20 
158488.38 4.41E-20 158488.38 3.672E-21 158488.38 6.228E-21 
    199525 3.491E-21 199525 2.549E-21 
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3.6.3. Vitrain samples  
323 rvp NU 326 kvx N + 326 kvp U  327 kvp NU  
r(Å) f(r) r(Å) f(r) r(Å) f(r) 
6.3095736 0.66949 6.3095736 0.604953 6.3095736 0.6425739 
7.943283 0.0103096 7.943283 0.058872 7.943283 0.026625 
10 0.0011096 10 0.0022228 10 0.0038248 
12.589255 0.0003966 12.589255 0.000417 12.589255 0.001199 
15.848934 0.0003904 15.848934 0.0005153 15.848934 0.000539 
19.952626 0.0001251 19.952626 0.0004185 19.952626 0.0001645 
25.11887 6.036E-05 25.11887 0.0001167 25.11887 5.293E-05 
31.622785 2.094E-05 31.622785 2.969E-05 31.622785 2.102E-05 
39.81073 4.59E-06 39.81073 1.57E-05 39.81073 5.829E-06 
50.118743 1.83E-06 50.118743 3.525E-06 50.118743 1.515E-06 
63.095762 5.863E-07 63.095762 7.691E-07 63.095762 3.692E-07 
79.432863 1.381E-07 79.432863 1.22E-07 79.432863 1.099E-07 
100.00005 2.607E-08 100.00005 3.315E-08 100.00005 4.139E-08 
125.89258 6.778E-09 125.89258 1.325E-08 125.89258 1.392E-08 
158.48934 2.423E-09 158.48934 4.677E-09 158.48934 4.973E-09 
199.52621 1.204E-09 199.52621 1.439E-09 199.52621 1.486E-09 
251.18856 3.351E-10 251.18856 5.196E-10 251.18856 5.37E-10 
316.22759 7.814E-11 316.22759 9.546E-11 316.22759 3.346E-10 
398.10686 2.766E-11 398.10686 1.386E-11 398.10686 1.251E-10 
501.18674 4.934E-11 501.18674 4.594E-12 501.18674 8.056E-11 
630.95658 1.406E-11 630.95658 4.621E-12 630.95658 2.336E-11 
794.3271 8.284E-12 794.3271 1.643E-11 794.3271 6.322E-12 
999.99835 2.836E-12 999.99835 1.567E-11 999.99835 2.658E-12 
1258.9231 8.916E-13 1258.9231 5.51E-12 1258.9231 7.803E-13 
1584.8899 4.696E-13 1584.8899 6.119E-13 1584.8899 4.451E-13 
1995.2577 1.664E-13 1995.2577 2.573E-13 1995.2577 2.851E-13 
2511.8801 5.116E-14 2511.8801 2.586E-13 2511.8801 7.735E-14 
3162.269 1.486E-14 3162.269 4.888E-14 3162.269 1.737E-14 
3981.0599 4.315E-15 3981.0599 1.241E-14 3981.0599 5.587E-15 
5011.8564 1.432E-15 5011.8564 3.366E-15 5011.8564 2.21E-15 
6309.552 5.809E-16 6309.552 1.28E-15 6309.552 1.287E-15 
7943.2536 2.656E-16 7943.2536 6.925E-16 7943.2536 1.154E-15 
9999.9616 1.111E-16 9999.9616 3.207E-16 9999.9616 3.285E-16 
12589.21 5.572E-17 12589.21 2.621E-16 12589.21 9.004E-17 
15848.873 2.745E-17 15848.873 1.638E-16 15848.873 3.608E-17 
19952.544 1.023E-17 19952.544 3.875E-17 19952.544 1.297E-17 
25118.76 4.315E-18 25118.76 1.696E-17 25118.76 4.607E-18 
31622.638 2.242E-18 31622.638 7.315E-18 31622.638 2.157E-18 
39810.533 1.59E-18 39810.533 3.905E-18 39810.533 8.607E-19 
50118.481 1.406E-19 50118.481 2.004E-18 50118.481 2.241E-19 
63095.416 4.941E-20 63095.416 4.117E-19 63095.416 7.23E-20 
79432.405 2.053E-20 79432.405 1.331E-19 79432.405 3.727E-20 
99999.451 3.397E-20 99999.451 1.291E-19 99999.451 2.087E-20 
125891.82 1.103E-20 125891.82 8.909E-20 125891.82 8.667E-21 
158488.38 6.939E-22 158488.38 2.555E-20 158488.38 1.996E-21 
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3.7. Specific surface area SAXS/USAXS 
3.7.1. Renown seam matrix samples perpendicular 
318 rmx ave 319 rmx ave 610 rmx ave 611 rmx ave   612 rmx ave 
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 3465225.9 5.0118722 2664655.7 5.0118722 3423381.4 5.0118722 1961001.2 5.0118722 1821261.4 
6.3095736 723363.44 6.3095736 852804.15 6.3095736 777406.86 6.3095736 660751.48 6.3095736 518438.79 
7.943283 716533.22 7.943283 696999.29 7.943283 744249.25 7.943283 484464.9 7.943283 337177.51 
10 715328.25 10 655394.06 10 733072.29 10 479378.76 10 288603.02 
12.589255 712947.31 12.589255 620877.8 12.589255 728577.91 12.589255 436580.76 12.589255 279936.11 
15.848934 569729.52 15.848934 556852.11 15.848934 664954.76 15.848934 405085.03 15.848934 271498.96 
19.952626 530549.98 19.952626 471026.23 19.952626 547184.64 19.952626 319606.24 19.952626 232046.62 
25.11887 423845.33 25.11887 362577.04 25.11887 427774.5 25.11887 290191.23 25.11887 191524.84 
31.622785 257179.02 31.622785 251640.44 31.622785 297869.37 31.622785 178777.53 31.622785 130491.35 
39.81073 167945.01 39.81073 160510.76 39.81073 189286.95 39.81073 131946.04 39.81073 99034.673 
50.118743 90454.367 50.118743 92417.486 50.118743 111187.25 50.118743 80418.216 50.118743 60098.463 
63.095762 41445.565 63.095762 51820.697 63.095762 67524.53 63.095762 41650.032 63.095762 43276.871 
79.432863 28135.589 79.432863 33633.449 79.432863 43011.188 79.432863 28237.167 79.432863 28683.382 
100.00005 22578.036 100.00005 24221.264 100.00005 28580.065 100.00005 20002.732 100.00005 18463.284 
125.89258 16139.415 125.89258 18792.556 125.89258 20897.248 125.89258 14549.086 125.89258 14365.344 
158.48934 12529.971 158.48934 14681.104 158.48934 16508.141 158.48934 10896.247 158.48934 11182.722 
199.52621 11026.517 199.52621 11441.899 199.52621 12895.91 199.52621 7987.0872 199.52621 8282.1878 
251.18856 8937.77 251.18856 9135.0817 251.18856 9231.658 251.18856 6834.8015 251.18856 6369.3051 
316.22759 7196.9038 316.22759 7253.5359 316.22759 7026.831 316.22759 5578.6169 316.22759 5004.5063 
398.10686 5503.0829 398.10686 5823.9098 398.10686 5600.3946 398.10686 4172.4489 398.10686 4087.5487 
501.18674 4711.8719 501.18674 4705.4352 501.18674 4312.6476 501.18674 3555.0047 501.18674 3156.4385 
630.95658 3952.8665 630.95658 3768.7536 630.95658 3056.036 630.95658 2776.3948 630.95658 2433.6441 
794.3271 3209.851 794.3271 2969.2149 794.3271 2549.9845 794.3271 2298.2177 794.3271 1990.2868 
999.99835 2328.218 999.99835 2305.1061 999.99835 1975.8667 999.99835 1932.3588 999.99835 1615.8254 
1258.9231 2053.2092 1258.9231 1838.2897 1258.9231 1345.5807 1258.9231 1676.3491 1258.9231 1216.5962 
1584.8899 1455.3715 1584.8899 1438.098 1584.8899 1065.9226 1584.8899 1280.4545 1584.8899 978.84452 
1995.2577 921.21216 1995.2577 1136.9766 1995.2577 831.03063 1995.2577 1071.1286 1995.2577 767.86591 
2511.8801 822.40903 2511.8801 937.30858 2511.8801 634.64376 2511.8801 885.37166 2511.8801 644.39911 
3162.269 593.08258 3162.269 764.83243 3162.269 523.54825 3162.269 671.78687 3162.269 520.80783 
3981.0599 422.68288 3981.0599 624.30181 3981.0599 383.04494 3981.0599 545.50525 3981.0599 402.16331 
5011.8564 333.21838 5011.8564 506.07054 5011.8564 284.81273 5011.8564 425.09927 5011.8564 336.47333 
6309.552 239.56943 6309.552 343.26906 6309.552 205.09023 6309.552 291.0647 6309.552 232.73853 
7943.2536 169.28442 7943.2536 255.44459 7943.2536 137.34842 7943.2536 242.84646 7943.2536 193.41876 
9999.9616 126.35564 9999.9616 177.65718 9999.9616 111.6776 9999.9616 160.57258 9999.9616 126.03964 
12589.21 71.579477 12589.21 120.54174 12589.21 90.223285 12589.21 120.38326 12589.21 75.503603 
15848.873 63.675549 15848.873 74.775365 15848.873 48.9093 15848.873 50.538124 15848.873 44.539881 
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3.7.2. Renown seam matrix samples parallel 
318 rmp ave 319 rmp ave 610 rmp ave 611 rmp ave 612 rmp ave 
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 2333499.8 5.0118722 1911207 5.0118722 1662063.2 5.0118722 1037361.8 5.2714125 574367.53 
6.3095736 937564.33 6.3095736 791631.26 6.3095736 526915.79 6.3095736 449629.33 6.6363155 456567.13 
7.943283 632311.83 7.943283 554242.19 7.943283 469805.93 7.943283 351054.49 8.3546264 383321.78 
10 524061.12 10 458197.01 10 439079 10 304792.57 10.517851 167974.19 
12.589255 472575.85 12.589255 415550.04 12.589255 354516.36 12.589255 225226.45 13.241191 106440.86 
15.848934 440843.93 15.848934 381771.02 15.848934 330895.54 15.848934 172952.61 16.669672 102091.71 
19.952626 395482.86 19.952626 358067.36 19.952626 313892.71 19.952626 164803.67 20.985875 94444.359 
25.11887 331270.44 25.11887 308274.38 25.11887 259014.03 25.11887 141846.36 26.419653 86059.293 
31.622785 260399.57 31.622785 246478.52 31.622785 209417.71 31.622785 112374.2 33.260374 60609.863 
39.81073 193403.66 39.81073 199342.72 39.81073 158015.57 39.81073 87787.488 41.872333 46019.756 
50.118743 131577.01 50.118743 137280.37 50.118743 113489.78 50.118743 62405.111 52.714147 32121.974 
63.095762 83804.659 63.095762 93911.117 63.095762 76020.813 63.095762 43482.166 66.363182 21619.009 
79.432863 49762.586 79.432863 60338.301 79.432863 48809.658 79.432863 25774.763 83.546301 14024.687 
100.00005 32503.698 100.00005 38296.669 100.00005 31542.256 100.00005 16299.373 105.17856 8370.4359 
125.89258 23960.979 125.89258 27525.268 125.89258 23426.233 125.89258 10562.902 132.41193 5616.1593 
158.48934 17799.811 158.48934 20444.505 158.48934 16796.176 158.48934 7455.0986 166.69671 3890.7225 
199.52621 13149.821 199.52621 15520.28 199.52621 12526.607 199.52621 5521.0819 209.85868 2898.0501 
251.18856 9851.4606 251.18856 12581.033 251.18856 9821.5229 251.18856 4104.9361 264.19637 2049.1804 
316.22759 7864.6321 316.22759 9753.5292 316.22759 7498.188 316.22759 3065.5571 332.60345 1490.332 
398.10686 6305.8656 398.10686 7972.7279 398.10686 5874.2814 398.10686 2426.9761 418.72284 1181.2396 
501.18674 5057.7253 501.18674 6796.6075 501.18674 4616.8349 501.18674 1893.6719 527.14071 999.08932 
630.95658 4229.7124 630.95658 5725.149 630.95658 3675.8444 630.95658 1526.9312 663.63069 790.89214 
794.3271 3400.2186 794.3271 4649.0033 794.3271 2941.3153 794.3271 1195.365 835.46135 650.98224 
999.99835 2805.4519 999.99835 3842.1852 999.99835 2296.9137 999.99835 998.68875 1051.7833 560.13725 
1258.9231 2335.6003 1258.9231 2980.5061 1258.9231 1894.9415 1258.9231 792.96803 1324.1164 497.08948 
1584.8899 1872.8912 1584.8899 2500.0705 1584.8899 1498.2909 1584.8899 641.7767 1666.9635 424.98168 
1995.2577 1568.1852 1995.2577 2015.9298 1995.2577 1235.956 1995.2577 509.3791 2098.5822 364.37131 
2511.8801 1254.2091 2511.8801 1661.3225 2511.8801 997.68466 2511.8801 410.74528 2641.9579 327.11659 
3162.269 1019.0176 3162.269 1324.9145 3162.269 817.78619 3162.269 336.23939 3326.0272 290.35506 
3981.0599 755.51271 3981.0599 992.23295 3981.0599 648.38701 3981.0599 253.43245 4187.2192 239.90599 
5011.8564 596.07881 5011.8564 824.89784 5011.8564 530.14128 5011.8564 212.41163 5271.3955 206.76898 
6309.552 447.38014 6309.552 585.18599 6309.552 409.48219 6309.552 155.89279 6636.2923 159.80552 
7943.2536 292.52824 7943.2536 474.84716 7943.2536 365.42185 7943.2536 113.5742 8354.5952 123.32947 
9999.9616 207.73947 9999.9616 371.57377 9999.9616 285.14507 9999.9616 95.179872 10517.811 84.945937 
12589.21 171.46953 12589.21 309.23458 12589.21 228.79837 12589.21 60.671178 13241.142 51.415041 
15848.873 138.24894 15848.873 208.25724 15848.873 150.73587 15848.873 39.411266 16669.607 37.677954 
19952.544 79.919268 19952.544 127.24047 19952.544 66.435891 19952.544 19.215156 20985.787 21.874451 
25118.76 39.481633 25118.76 70.812178             
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3.7.3. Kupakupa seam matrix samples perpendicular 
320 kmx ave 321 kmx ave 322 kmx ave  
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 3592392.5 5.0118722 2549726.3 5.0118722 3388619.7 
6.3095736 1081934.1 6.3095736 1063029.1 6.3095736 1294430.4 
7.943283 876953.68 7.943283 822346.93 7.943283 1099085.5 
10 844499.7 10 745201.9 10 1059300.5 
12.589255 822178.54 12.589255 700147 12.589255 1038366.6 
15.848934 739826.24 15.848934 638146.86 15.848934 901147.13 
19.952626 656944.81 19.952626 540252.94 19.952626 779242.89 
25.11887 484305.74 25.11887 401650.22 25.11887 574634.73 
31.622785 345571.57 31.622785 298389 31.622785 409549.06 
39.81073 218639.13 39.81073 196290.51 39.81073 255419.3 
50.118743 131136.63 50.118743 124783.36 50.118743 154894.09 
63.095762 87978.313 63.095762 77972.078 63.095762 97909.381 
79.432863 61935.12 79.432863 50626.53 79.432863 70260.38 
100.00005 45928.497 100.00005 35835.998 100.00005 52437.298 
125.89258 35410.724 125.89258 26802.831 125.89258 40252.674 
158.48934 27134.272 158.48934 20534.022 158.48934 31589.215 
199.52621 21100.17 199.52621 15649.375 199.52621 25060.114 
251.18856 16731.638 251.18856 12153.717 251.18856 19855.312 
316.22759 12908.52 316.22759 9670.9844 316.22759 15955.337 
398.10686 10071.37 398.10686 7838.118 398.10686 12849.898 
501.18674 8074.2438 501.18674 6616.3 501.18674 10759.236 
630.95658 6023.7003 630.95658 5537.1533 630.95658 8395.957 
794.3271 4534.8436 794.3271 4530.9932 794.3271 6886.1099 
999.99835 3489.0142 999.99835 3587.8138 999.99835 5622.5614 
1258.9231 2526.2743 1258.9231 2891.0736 1258.9231 4453.0861 
1584.8899 1811.1624 1584.8899 2397.3328 1584.8899 3502.7466 
1995.2577 1313.4371 1995.2577 1923.7479 1995.2577 2826.471 
2511.8801 949.40419 2511.8801 1530.7842 2511.8801 2154.6155 
3162.269 697.5512 3162.269 1164.6345 3162.269 1591.4961 
3981.0599 539.97958 3981.0599 924.89517 3981.0599 1109.0688 
5011.8564 354.86791 5011.8564 719.01422 5011.8564 781.89709 
6309.552 237.92078 6309.552 471.37313 6309.552 489.35487 
7943.2536 178.21804 7943.2536 368.33588 7943.2536 338.21881 
9999.9616 118.79207 9999.9616 254.38967 9999.9616 209.15458 
12589.21 77.222382 12589.21 174.64881 12589.21 110.39021 
15848.873 34.5622 15848.873 98.869566     
19952.544 14.904176 19952.544 70.610958     
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3.7.4. Kupakupa seam matrix samples parallel 
320 kmp ave 321 kmp ave 322 kmp ave 
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 894148.2 5.0118722 2515367.9 5.2714125 1469594.9 
6.3095736 467760.69 6.3095736 572824.53 6.6363155 611792.38 
7.943283 307589.51 7.943283 523882.49 8.3546264 430769.9 
10 238794.52 10 509896.21 10.517851 373726.11 
12.589255 218709.77 12.589255 493795.42 13.241191 349821.45 
15.848934 203986.36 15.848934 406302.87 16.669672 328509.59 
19.952626 172546.33 19.952626 378645.72 20.985875 288626.17 
25.11887 157530.33 25.11887 326423.53 26.419653 242888.33 
31.622785 121182.06 31.622785 247813.45 33.260374 198081.86 
39.81073 101578.15 39.81073 193756 41.872333 156701.28 
50.118743 78153.905 50.118743 134027.33 52.714147 114633.37 
63.095762 60641.686 63.095762 89057.217 66.363182 81319.362 
79.432863 46361.044 79.432863 62122.085 83.546301 58892.96 
100.00005 35879.323 100.00005 43108.708 105.17856 42368.775 
125.89258 28254.219 125.89258 26477.657 132.41193 32225.163 
158.48934 22628.793 158.48934 18804.855 166.69671 25390.897 
199.52621 18228.738 199.52621 14357.417 209.85868 20116.32 
251.18856 15012.696 251.18856 10620.791 264.19637 15750.056 
316.22759 12312.194 316.22759 8390.8396 332.60345 12326.382 
398.10686 10163.463 398.10686 6551.4205 418.72284 10070.742 
501.18674 8520.392 501.18674 5330.2536 527.14071 8391.1541 
630.95658 7229.0955 630.95658 4448.9334 663.63069 6752.1185 
794.3271 5962.1358 794.3271 3294.815 835.46135 5709.3665 
999.99835 4966.5823 999.99835 2584.1242 1051.7833 4636.0886 
1258.9231 4133.6944 1258.9231 2305.1336 1324.1164 3764.2991 
1584.8899 3451.3092 1584.8899 1746.0093 1666.9635 3136.1379 
1995.2577 2807.5092 1995.2577 1395.37 2098.5822 2682.427 
2511.8801 2351.3051 2511.8801 1193.2407 2641.9579 2148.0658 
3162.269 1926.7897 3162.269 884.6578 3326.0272 1758.7989 
3981.0599 1497.0738 3981.0599 726.12521 4187.2192 1298.2032 
5011.8564 1253.7837 5011.8564 542.18242 5271.3955 958.59055 
6309.552 917.24967 6309.552 420.06805 6636.2923 600.47571 
7943.2536 703.54012 7943.2536 333.74625 8354.5952 458.70411 
9999.9616 544.28875 9999.9616 233.02894 10517.811 331.42036 
12589.21 403.95174 12589.21 185.86446 13241.142 224.28828 
15848.873 271.33145 15848.873 135.75666 16669.607 180.96797 
19952.544 168.72083 19952.544 93.571732 20985.787 116.80968 
25118.76 77.902514 25118.76 58.286481 25118.76 61.029338 
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3.7.5. Vitrain samples perpendicular 
323 rvx ave 326 kvx ave 327 kvx ave  328 kvx ave 
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 2953145.8 5.0118722 6708058.2 5.0118722 3444507.4 5.0118722 3482710.6 
6.3095736 1611526.7 6.3095736 1658504.8 6.3095736 1264326.5 6.3095736 1144304.3 
7.943283 1505916.9 7.943283 1639443.1 7.943283 1219024.7 7.943283 1091999.4 
10 1480309.1 10 1636147.4 10 1211669.8 10 1080554.7 
12.589255 1467382.3 12.589255 1631054.6 12.589255 1203470.1 12.589255 1075007.4 
15.848934 1247680.9 15.848934 1393424.3 15.848934 1067583.7 15.848934 1016400.3 
19.952626 1079988.2 19.952626 1180542.6 19.952626 891526.91 19.952626 809148.56 
25.11887 864284.7 25.11887 966177.75 25.11887 648403.75 25.11887 636950.68 
31.622785 509466.73 31.622785 671314.3 31.622785 410980.95 31.622785 397898.73 
39.81073 237390.21 39.81073 416698.53 39.81073 200008.25 39.81073 190903.65 
50.118743 45479.367 50.118743 240904.07 50.118743 69216.803 50.118743 53863.27 
63.095762 18859.695 63.095762 117238.04 63.095762 37003.291 63.095762 25953.277 
79.432863 12450.448 79.432863 53917.26 79.432863 25248.721 79.432863 19128.246 
100.00005 9873.6206 100.00005 35742.842 100.00005 18585.413 100.00005 14832.399 
125.89258 8081.4463 125.89258 25557.162 125.89258 13500.619 125.89258 11111.981 
158.48934 6364.7 158.48934 19028.57 158.48934 9488.5061 158.48934 8151.6077 
199.52621 4800.6117 199.52621 12360.682 199.52621 6888.2729 199.52621 6514.7059 
251.18856 3651.4248 251.18856 8057.7866 251.18856 5340.3792 251.18856 5392.5132 
316.22759 3069.9887 316.22759 6394.5911 316.22759 4261.5776 316.22759 4364.2932 
398.10686 2685.5323 398.10686 5310.3363 398.10686 3440.2219 398.10686 3835.8177 
501.18674 2380.2872 501.18674 3987.2664 501.18674 2800.4525 501.18674 3389.1618 
630.95658 2225.2318 630.95658 2813.6705 630.95658 2429.8904 630.95658 2729.9385 
794.3271 2003.8894 794.3271 2417.4977 794.3271 2183.2711 794.3271 2287.8442 
999.99835 1790.915 999.99835 1928.4488 999.99835 1910.7085 999.99835 2106.4398 
1258.9231 1647.6836 1258.9231 1545.1125 1258.9231 1670.1023 1258.9231 1713.834 
1584.8899 1493.7259 1584.8899 1176.9651 1584.8899 1467.6725 1584.8899 1418.6209 
1995.2577 1349.008 1995.2577 915.25705 1995.2577 1245.5697 1995.2577 1194.1356 
2511.8801 1224.1414 2511.8801 729.77693 2511.8801 1074.0474 2511.8801 908.69401 
3162.269 1100.9494 3162.269 628.80903 3162.269 890.02278 3162.269 743.89713 
3981.0599 970.33269 3981.0599 464.74235 3981.0599 711.23307 3981.0599 495.68071 
5011.8564 758.19531 5011.8564 307.51676 5011.8564 561.08337 5011.8564 426.23351 
6309.552 550.25291 6309.552 197.53098 6309.552 366.86596 6309.552 245.79902 
7943.2536 386.46802 7943.2536 156.98913 7943.2536 274.83769 7943.2536 182.96252 
9999.9616 267.07074 9999.9616 107.99875 9999.9616 173.45692 9999.9616 129.77546 
12589.21 142.48632 12589.21 77.198079 12589.21 112.44509 12589.21 52.800949 
15848.873 68.803597 15848.873 29.515073 15848.873 40.134111 15848.873 38.61554 
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3.7.6. Vitrain samples parallel 
323 rvp ave 327 kvp ave 328 kvp ave 
 Ave r(Å) Ave SSA  Ave r(Å) Ave SSA  Ave r(Å) Ave SSA 
5.0118722 4098536.6 5.0118722 2135631.1 5.0118722 2954983.3 
6.3095736 737696.11 6.3095736 720517.3 6.3095736 751511.66 
7.943283 723102.35 7.943283 693667.69 7.943283 633260.06 
10 720657.43 10 687896.9 10 607411.58 
12.589255 717754.21 12.589255 643070.04 12.589255 591920.79 
15.848934 629756.4 15.848934 563072.07 15.848934 568188.94 
19.952626 602795.73 19.952626 498155.06 19.952626 502656.32 
25.11887 459711.93 25.11887 371155.73 25.11887 406247.38 
31.622785 347317.09 31.622785 243114.9 31.622785 338963.77 
39.81073 251075.75 39.81073 152141.33 39.81073 250435.46 
50.118743 162813.47 50.118743 79293.027 50.118743 160748.54 
63.095762 97235.333 63.095762 41122.515 63.095762 83696.773 
79.432863 57719.49 79.432863 27313.863 79.432863 39730.536 
100.00005 34459.634 100.00005 19035.445 100.00005 16749.068 
125.89258 20583.201 125.89258 14621.509 125.89258 6901.2742 
158.48934 13362.381 158.48934 11026.376 158.48934 3370.5685 
199.52621 8712.4403 199.52621 8880.1461 199.52621 2084.5936 
251.18856 5863.0276 251.18856 7464.0272 251.18856 1505.7498 
316.22759 4048.1223 316.22759 6287.1796 316.22759 1166.6757 
398.10686 2871.3631 398.10686 5172.3259 398.10686 924.18448 
501.18674 2491.9689 501.18674 4643.752 501.18674 734.51511 
630.95658 1904.3033 630.95658 4133.7815 630.95658 583.35323 
794.3271 1349.5877 794.3271 3686.0879 794.3271 477.04067 
999.99835 1069.782 999.99835 3285.5686 999.99835 413.11116 
1258.9231 891.0324 1258.9231 2852.6599 1258.9231 355.84598 
1584.8899 777.20309 1584.8899 2425.4327 1584.8899 297.51243 
1995.2577 599.28817 1995.2577 2324.6183 1995.2577 259.96189 
2511.8801 509.39667 2511.8801 2034.0961 2511.8801 224.9571 
3162.269 383.96709 3162.269 1723.8966 3162.269 191.83334 
3981.0599 351.18048 3981.0599 1506.593 3981.0599 165.18595 
5011.8564 262.29986 5011.8564 1166.9168 5011.8564 151.05305 
6309.552 218.61989 6309.552 991.0811 6309.552 125.46938 
7943.2536 176.98912 7943.2536 737.38879 7943.2536 108.54574 
9999.9616 139.8733 9999.9616 554.26267 9999.9616 95.535245 
12589.21 118.58049 12589.21 417.89554 12589.21 77.148116 
15848.873 79.860901 15848.873 283.68446 15848.873 59.988586 
    19952.544 185.31679 19952.544 35.722135 
    25118.76 128.12132 25118.76 17.94676 
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3.8. Specific surface area SANS/USANS 
3.8.1. Renown seam matrix samples  
 
318 rmp N + U  319 rmx N + 319 rmp U  610 rmp NU  611 rmx N + 611 rmp U  612 rmx N + 612 rmp U  
r(Å) SSA r(Å) SSA r(Å) SSA r(Å) SSA r(Å) SSA 
6.30957 9872525 6.30957 17096538 6.30957 13120831 6.30957 21304652 6.30957 13371204 
7.94328 1917977.625 7.94328 1158002.75 7.94328 1027670.563 7.94328 1130524.125 7.94328 664348.125 
10.00000 1110747.125 10.00000 703428.4375 10.00000 476733.625 10.00000 375879.2188 10.00000 664148.3125 
12.58925 818321.75 12.58925 561543.375 12.58925 351309.375 12.58925 239120.375 12.58925 663276.25 
15.849 538325.563 15.849 366086.000 15.849 277843.906 15.849 182821.984 15.849 285170.406 
19.953 202488.984 19.953 181240.484 19.953 200369.984 19.953 147568.234 19.953 192872.563 
25.119 144117.516 25.119 134785.125 25.119 130063.797 25.119 119713.938 25.119 117298.430 
31.623 114233.234 31.623 85563.289 31.623 87299.039 31.623 90629.344 31.623 79415.852 
39.811 68909.352 39.811 57968.148 39.811 56182.320 39.811 61246.414 39.811 54124.242 
50.119 43238.281 50.119 29782.117 50.119 38022.414 50.119 33305.125 50.119 35398.113 
63.096 29658.340 63.096 20213.355 63.096 26146.775 63.096 19661.303 63.096 26269.064 
79.433 17830.143 79.433 16305.347 79.433 16974.115 79.433 16922.736 79.433 21318.197 
100.000 12649.185 100.000 13755.396 100.000 12614.797 100.000 13975.649 100.000 17558.955 
125.893 10755.832 125.893 11317.359 125.893 9725.546 125.893 11884.531 125.893 14795.105 
158.489 8896.896 158.489 9976.615 158.489 7776.702 158.489 9136.388 158.489 12453.580 
199.526 7033.910 199.526 8724.657 199.526 6254.650 199.526 7781.002 199.526 11006.213 
251.189 6073.221 251.189 7637.889 251.189 5383.803 251.189 7485.562 251.189 9896.718 
316.228 5407.143 316.228 6930.107 316.228 4486.777 316.228 7400.501 316.228 9093.133 
398.107 4898.567 398.107 6146.342 398.107 3958.088 398.107 7367.729 398.107 8129.184 
501.187 4410.315 501.187 4924.979 501.187 3339.479 501.187 7347.401 501.187 6959.151 
630.957 3796.425 630.957 3769.389 630.957 2742.554 630.957 7329.982 630.957 5699.767 
794.327 3235.128 794.327 2442.943 794.327 2274.887 794.327 7293.845 794.327 4325.142 
999.998 2396.357 999.998 1536.111 999.998 1663.277 999.998 7159.339 999.998 3467.271 
1258.923 2105.721 1258.923 1246.912 1258.923 1322.276 1258.923 4803.947 1258.923 2956.524 
1584.890 1252.784 1584.890 927.257 1584.890 1222.675 1584.890 2978.826 1584.890 2622.932 
1995.258 1057.849 1995.258 773.388 1995.258 1038.146 1995.258 2826.203 1995.258 2418.622 
2511.880 542.489 2511.880 700.648 2511.880 443.640 2511.880 1676.719 2511.880 551.019 
3162.269 315.413 3162.269 616.243 3162.269 292.396 3162.269 1319.712 3162.269 344.136 
3981.060 201.247 3981.060 523.260 3981.060 240.798 3981.060 1053.452 3981.060 301.671 
5011.856 153.596 5011.856 446.252 5011.856 206.193 5011.856 729.108 5011.856 287.389 
6309.552 132.533 6309.552 209.468 6309.552 184.316 6309.552 580.707 6309.552 281.078 
7943.254 122.034 7943.254 118.538 7943.254 159.604 7943.254 452.986 7943.254 273.370 
9999.962 115.554 9999.962 103.297 9999.962 108.927 9999.962 316.693 9999.962 202.520 
12589.210 108.014 12589.210 94.654 12589.210 76.050 12589.210 236.423 12589.210 101.269 
15848.873 84.662 15848.873 90.888 15848.873 54.064 15848.873 172.224 15848.873 73.491 
19952.544 63.655 19952.544 86.112 19952.544 38.850 19952.544 131.633 19952.544 53.136 
25118.760 54.773 25118.760 54.450 25118.760 29.453 25118.760 109.048 25118.760 35.100 
31622.638 38.530 31622.638 32.698 31622.638 23.687 31622.638 91.976 31622.638 27.829 
39810.533 27.818 39810.533 27.083 39810.533 18.665 39810.533 77.248 39810.533 20.695 
50118.481 20.647 50118.481 24.862 50118.481 14.093 50118.481 66.467 50118.481 13.921 
63095.416 15.938 63095.416 15.148 63095.416 11.917 63095.416 64.227 63095.416 9.403 
79432.405 7.794 79432.405 0.106 79432.405 11.012 79432.405 63.763 79432.405 6.247 
99999.451 6.171 99999.451 0.012 99999.451 10.384 99999.451 63.506 99999.451 4.356 
125891.822 4.261 125891.822 9.696 125891.822 62.824 125891.822 2.303 
158488.380 1.646 158488.380 7.516 158488.380 54.468     
        199525.005 4.061 199525.005 28.060     
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3.8.2. Kupakupa seam matrix samples  
320 kmp NU 321 kmx N + 321 kmp U  322 kmp NU  
r(Å) SSA r(Å) SSA r(Å) SSA 
6.309573618 6082433.5 6.309573618 9370453 6.309573618 17141068 
7.943283001 3436247.75 7.943283001 2732824.75 7.943283001 1925220 
10 1416966.125 10 1117858.875 10 873320.125 
12.58925481 543055.6875 12.58925481 720108.125 12.58925481 586926 
15.84893366 241200.6719 15.84893366 525492.3125 15.84893366 408303.9688 
19.95262644 156717.0156 19.95262644 298724.8438 19.95262644 270253.4688 
25.11886983 123365.2109 25.11886983 188421.4219 25.11886983 182151.4531 
31.62278528 71153.46094 31.62278528 140272.5 31.62278528 127426.2344 
39.81073017 49028.86719 39.81073017 88714.875 39.81073017 84458.64844 
50.11874262 35283.875 50.11874262 54244.08203 50.11874262 55531.92969 
63.09576216 26293.33789 63.09576216 38467.12109 63.09576216 37918.41016 
79.43286272 20588.53906 79.43286272 29364.51758 79.43286272 26500.67773 
100.0000549 16170.5791 100.0000549 22650.62109 100.0000549 19876.60156 
125.8925826 13351.72363 125.8925826 17355.73438 125.8925826 15613.04004 
158.4893366 10909.61426 158.4893366 14722.03027 158.4893366 12596.38184 
199.5262096 8906.693359 199.5262096 12638.51367 199.5262096 10292.34863 
251.1885604 7897.775879 251.1885604 10897.00781 251.1885604 8470.972656 
316.2275924 6771.772461 316.2275924 9137.859375 316.2275924 7270.915527 
398.1068646 5574.789551 398.1068646 7726.899414 398.1068646 6171.124023 
501.1867384 4686.412598 501.1867384 6435.452148 501.1867384 4847.935547 
630.9565824 3214.014893 630.9565824 4330.863281 630.9565824 3400.198486 
794.3271009 2226.439941 794.3271009 2788.33252 794.3271009 2389.104492 
999.9983531 1839.395142 999.9983531 1964.998047 999.9983531 2010.443115 
1258.923062 1621.412598 1258.923062 1662.5177 1258.923062 1725.707642 
1584.889886 1509.248047 1584.889886 1386.515747 1584.889886 1551.505615 
1995.257714 1294.74646 1995.257714 1142.253784 1995.257714 1333.7323 
2511.880088 779.4398193 2511.880088 637.2148438 2511.880088 655.9840698 
3162.26898 543.7205811 3162.26898 448.9854736 3162.26898 424.1188354 
3981.059904 427.0880737 3981.059904 364.0816345 3981.059904 330.4938965 
5011.856378 335.3830566 5011.856378 310.1378174 5011.856378 268.4333801 
6309.551969 274.3293152 6309.551969 271.6879272 6309.551969 227.7163544 
7943.253567 221.8942719 7943.253567 227.5687714 7943.253567 188.2479248 
9999.961572 161.6420135 9999.961572 144.2458344 9999.961572 133.5010071 
12589.20989 119.1320496 12589.20989 95.1269455 12589.20989 94.15855408 
15848.87276 85.98152161 15848.87276 66.8659668 15848.87276 64.28012085 
19952.54428 62.69428635 19952.54428 46.76506042 19952.54428 44.30482864 
25118.75951 47.86217117 25118.75951 34.4119072 25118.75951 32.02451706 
31622.63772 36.77614975 31622.63772 26.60118103 31622.63772 24.00349045 
39810.53347 26.14905548 39810.53347 20.24517441 39810.53347 17.46849442 
50118.48124 16.75697517 50118.48124 14.32170105 50118.48124 11.92411995 
63095.41578 12.74121857 63095.41578 9.662268639 63095.41578 9.046251297 
79432.40485 10.62307739 79432.40485 6.658148289 79432.40485 7.86087513 
99999.45102 8.858017921 99999.45102 4.646250248 99999.45102 7.064673901 
125891.8224 7.400355339 125891.8224 2.915066242 125891.8224 6.080001354 
158488.3796 4.442989349 158488.3796 1.943376064 158488.3796 4.197169781 
    199525.0047 1.272562385 199525.0047 1.886697769 
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3.8.3. Vitrain samples  
323 rvp NU  326 kvx N + 326 kvp U  327 kvp NU  
r(Å) SSA r(Å) SSA r(Å) SSA 
6.309573618 17764450 6.309573618 14672050 6.309573618 15165008 
7.943283001 1189059.5 7.943283001 3210683 7.943283001 2060773 
10 679775.4375 10 985202.1875 10 977399.8125 
12.58925481 570404.8125 12.58925481 817544.3125 12.58925481 666876 
15.84893366 492409.875 15.84893366 754790.375 15.84893366 472645.125 
19.95262644 339232.1563 19.95262644 600053.3125 19.95262644 298438.5313 
25.11886983 241297.3281 25.11886983 349310.4688 25.11886983 192376.1094 
31.62278528 147009.7813 31.62278528 209767.0313 31.62278528 124272.5859 
39.81073017 81733.42188 39.81073017 138955.9219 39.81073017 70299.9375 
50.11874262 53187.42969 50.11874262 64250.10547 50.11874262 40441.10938 
63.09576216 30482.94922 63.09576216 30783.04883 63.09576216 24955.1582 
79.43286272 15966.26367 79.43286272 16211.6709 79.43286272 17425.33008 
100.0000549 9146.302734 100.0000549 11598.89355 100.0000549 12953.38965 
125.8925826 6576.76123 125.8925826 9098.705078 125.8925826 9593.067383 
158.4893366 5243.817383 158.4893366 7104.921387 158.4893366 7337.958008 
199.5262096 4293.140625 199.5262096 5700.558594 199.5262096 5730.687012 
251.1885604 3350.676025 251.1885604 4838.191895 251.1885604 4772.688965 
316.2275924 2827.140381 316.2275924 4217.030273 316.2275924 4081.716064 
398.1068646 2583.589111 398.1068646 3989.340332 398.1068646 3222.617188 
501.1867384 2411.544189 501.1867384 3923.397705 501.1867384 2581.700439 
630.9565824 1799.306152 630.9565824 3879.774902 630.9565824 1758.315918 
794.3271009 1451.091064 794.3271009 3792.226074 794.3271009 1281.838379 
999.9983531 1041.851685 999.9983531 3171.11499 999.9983531 1024.603394 
1258.923062 762.2816162 1258.923062 1989.204956 1258.923062 808.8406372 
1584.889886 586.9458008 1584.889886 1160.064575 1584.889886 682.4384155 
1995.257714 402.6853333 1995.257714 976.3295288 1995.257714 538.5620728 
2511.880088 272.4199829 2511.880088 822.1628418 2511.880088 354.7206726 
3162.26898 192.506134 3162.26898 513.0484619 3162.26898 255.1943359 
3981.059904 146.1830902 3981.059904 396.4638977 3981.059904 210.5998077 
5011.856378 119.3500061 5011.856378 337.4039612 5011.856378 181.9823914 
6309.551969 101.5780945 6309.551969 305.4465027 6309.551969 159.3960724 
7943.253567 87.19665527 7943.253567 281.1916504 7943.253567 133.1476288 
9999.961572 74.07440186 9999.961572 255.0145264 9999.961572 86.18462372 
12589.20989 63.12860107 12589.20989 230.8289185 12589.20989 59.51143265 
15848.87276 52.17036057 15848.87276 191.3880615 15848.87276 44.92543411 
19952.54428 41.39900208 19952.54428 142.207077 19952.54428 33.26446152 
25118.75951 33.38938904 25118.75951 118.9886932 25118.75951 24.89916992 
31622.63772 26.64898109 31622.63772 98.71111298 31622.63772 18.97164345 
39810.53347 19.66179276 39810.53347 81.26395416 39810.53347 13.43316364 
50118.48124 9.771762848 50118.48124 62.6817131 50118.48124 9.024213791 
63095.41578 8.027688026 63095.41578 43.64945602 63095.41578 6.734089851 
79432.40485 6.804325104 79432.40485 35.84961319 79432.40485 5.259597301 
99999.45102 5.790071964 99999.45102 30.81665802 99999.45102 3.743202448 
125891.8224 2.442094803 125891.8224 21.07959557 125891.8224 2.049093008 
158488.3796 0.272286713 158488.3796 7.673008919 158488.3796 0.645124078 
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3.9. Calculated porosity SANS/USANS 
    Micropores 10-20A 
Mesopores 
20-500A 
Macropores 
500-100,000A 
Total Porosity 
10-100,000A 
Renown 
seam  
318 9.22 5.44 3.22 17.88 
319 11.70 4.26 5.30 21.26 
610 8.58 4.97 2.19 15.74 
611 14.23 5.02 5.58 24.83 
612 10.10 5.06 3.66 18.82 
Kupakupa 
seam 
320 8.57 4.00 3.04 15.61 
321 12.28 3.22 3.31 18.81 
322 14.02 5.72 2.92 22.66 
Vitrain 
323 12.43 6.89 1.87 21.19 
326 10.56 7.17 6.03 23.76 
327 11.55 6.57 2.00 20.12 
 
3.10. Calculated volume fractions for average scattering curves of vitrain 
samples 
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4.1. Adsorption isotherm data 
4.1.1. Methane adsorption capacity 
 
Well Sample Collect Depth From 
Depth 
To Seam 
Ash 
% 
(eqm 
moist) 
Eqm 
Moist 
Helium 
density 
Test 
temp 
PL  
aa 
VL  
aa 
PL 
daf 
VL 
daf 
Ma 1 Field 486.80 486.90 Renown 1.70 20.70 1.33 35.10 3.84 4.94 3.84 6.37 
Jasp Field 411.85 412.01 Renown 2.30 20.50 1.30 31.50 5.90 7.11 5.90 9.22 
Mimi Field 407.19 407.48 Renown 2.10 21.90 1.32 31.50 3.25 5.75 3.25 7.57 
Ru 1 A Field 422.35 422.45 Kupakupa 1.00 18.90 1.34 32.60 4.30 4.37 4.30 5.46 
Ru 2 A Field 458.04 458.20 Kupakupa 10.90 18.00 1.39 33.60 3.92 5.28 3.92 7.42 
Ro 1 Field 449.29 449.39 Kupakupa 1.40 20.10 1.34 33.10 3.26 5.05 3.26 6.43 
Ro 1 Field 452.28 452.40 Kupakupa 0.80 19.00 1.32 33.10 3.99 4.24 3.99 5.28 
Ma 1   Field 511.98 512.10 Kupakupa 1.20 19.50 1.28 35.10 7.41 7.90 7.41 9.96 
Ru 2 B10 post 438.09 438.19 Renown 1.80 20.50 1.30 33.60 4.41 7.62 4.41 9.80 
Ro 1 C4 post 436.02 436.15 Renown 2.30 20.90 1.31 33.30 4.65 7.67 4.65 9.99 
Ma 1 D3 post 483.64 483.75 Renown 3.00 19.10 1.32 35.10 3.40 7.41 3.40 9.52 
Jasp J1 post 407.81 408.31 Renown 37.90 17.00 1.57 32.00 4.57 5.82 4.57 12.89 
Jasp J2 post 408.31 408.81 Renown 4.70 22.30 1.30 32.00 8.35 9.57 8.35 13.11 
Jasp J3 post 408.81 409.31 Renown 1.20 23.50 1.29 32.00 6.89 8.09 6.89 10.75 
Jasp J4 post 409.31 409.81 Renown 2.90 23.60 1.29 32.00 6.79 6.99 6.79 9.51 
Jasp J5 post 410.00 410.35 Renown 3.40 21.10 1.29 32.00 9.66 10.28 9.66 13.62 
Jasp J6 post 410.35 410.85 Renown 1.90 21.40 1.31 32.00 3.94 4.18 3.94 5.45 
Jasp J7 post 410.85 411.35 Renown 2.20 19.80 1.30 32.00 5.39 7.60 5.39 9.74 
Jasp J8 post 411.35 411.85 Renown 1.90 20.80 1.32 32.00 2.43 5.67 2.43 7.34 
Jasp J9 post 412.00 412.50 Renown 1.40 24.50 1.28 32.00 4.61 6.67 4.61 9.00 
Jasp J10 post 412.50 413.00 Renown 1.50 22.80 1.28 32.00 5.77 7.70 5.77 10.17 
Jasp J11 post 413.00 413.55 Renown 3.90 23.60 1.31 32.00 2.76 4.81 2.76 6.64 
Jasp J12 post 413.55 414.02 Renown 64.60 13.70 1.92 32.00 2.10 1.54 2.10 7.07 
Jasp J13 post 414.02 414.40 Renown 69.00 12.20 1.93 32.00 7.31 1.91 7.31 10.15 
Mimi M4 post 409.03 409.58 Renown 4.40 21.20 1.33 32.00 6.32 6.34 6.32 8.53 
Ru2 B22 post 461.49 461.58 Kupakupa 1.20 20.10 1.29 33.60 6.23 7.69 6.23 9.77 
Ro 1 C11 post 450.05 450.16 Kupakupa 1.00 19.10 1.30 33.30 5.43 6.94 5.43 8.68 
Ma 1 D20 post 517.32 517.45 Kupakupa 31.70 15.70 1.52 35.10 7.34 6.03 7.34 11.46 
 
Ru 1 = Ruawaro 1, Ru 2 = Ruawaro 2, Ro 1 = Rotongaro 1, Ma 1 = Mangapiko 1, Jasp = Jasper 1.  
Eqm = Equilibrium, PL = Langmuir pressure, VL = Langmuir volume, aa = as analysed, daf = dry ash-free. 
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4.1.2. Carbon dioxide adsorption capacity 
Well Sample Collect Depth From 
Depth 
To Seam 
Ash 
% 
(eqm 
moist) 
Eqm 
Moist 
Helium 
density 
Test 
temp PL aa 
VL 
aa 
PL 
daf 
VL 
daf 
Ma 1 Field 486.80 486.90 Renown 1.70 20.70 1.33 35.10 4.66 36.98 4.66 47.63 
Jasp Field 411.85 412.01 Renown 2.30 20.50 1.30 31.50 3.60 33.41 3.60 42.92 
Mimi Field 407.19 407.48 Renown 2.10 21.90 1.32 31.50 3.88 35.34 3.88 46.73 
Ru 1 A Field 422.35 422.45 Kupakupa 1.00 18.90 1.34 32.60 3.83 35.37 3.83 44.15 
Ru 2 A Field 458.04 458.20 Kupakupa 10.90 18.00 1.39 33.60 4.25 34.55 4.25 48.60 
Ma 1   Field 511.98 512.10 Kupakupa 1.20 19.50 1.28 35.10 5.21 42.93 5.21 54.12 
 
Ru 1 = Ruawaro 1, Ru 2 = Ruawaro 2, Ro 1 = Rotongaro 1, Ma 1 = Mangapiko 1, Jasp = Jasper 1.  
Eqm = Equilibrium, PL = Langmuir pressure, VL = Langmuir volume, aa = as analysed, daf = dry ash-free. 
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4.2. Gas content data 
          Gas Content (m3/t) aa TG 
Well Can Seam Mid-point Ash % aa Lost Measured Residual Total daf 
TW1 9 Renown 338.95 5.5 0.04 1.10 0.27 1.41 1.70 
TW1 10 Renown 339.45 3.8 0.05 1.10 0.21 1.36 1.63 
TW1 11 Renown 339.95 2.9 0.05 1.00 0.22 1.27 1.44 
TW1 12 Renown 340.45   0.05 1.30 0.54 1.89 
TW1 13 Renown 340.95 2.8 0.06 1.10 0.25 1.41 1.67 
TW1 14 Renown 341.45 3.0 0.06 1.10 0.20 1.36 1.58 
TW1 15 Renown 341.95 2.7 0.04 0.90 0.22 1.16 1.39 
TW1 16 Renown 342.45 1.8 0.03 0.70 0.74 1.47 1.71 
TW1 17 Renown 342.95 1.7 0.02 0.60 0.96 1.58 1.83 
TW1 18 Renown 343.45 3.9 0.04 0.80 0.81 1.65 1.97 
TW1 19 Renown 343.95 1.6 0.02 0.60 0.86 1.48 1.71 
TW1 20 Renown 344.45 1.7 0.03 0.80 0.78 1.61 1.91 
TW1 21 Renown 344.95 3.0 0.03 0.90 0.37 1.30 1.54 
TW1 22 Renown 345.45 9.0 0.06 1.10 0.36 1.52 1.94 
TW1 23 Renown 345.95   0.08 1.60 0.20 1.88 
TW1 24 Renown 346.45 33.4 0.05 0.70 0.13 0.88 1.51 
TW1 25 Kupakupa 346.95 10.7 0.06 1.00 0.45 1.51 1.93 
TW1 26 Kupakupa 347.45 5.2 0.11 1.20 0.34 1.65 2.01 
TW1 27 Kupakupa 347.95 6.2 0.02 0.60 0.97 1.59 1.96 
TW1 28 Kupakupa 348.45 3.4 0.03 1.00 0.37 1.40 1.73 
TW1 29 Kupakupa 348.95 5.0 0.02 0.90 0.88 1.80 2.19 
TW1 30 Kupakupa 349.45 3.8 0.04 1.10 0.50 1.64 1.98 
TW1 31 Kupakupa 349.95 1.6 0.03 0.90 0.83 1.76 2.08 
TW1 32 Kupakupa 350.70 2.1 0.03 1.00 0.63 1.66 1.95 
TW1 33 Kupakupa 351.45 1.4 0.02 0.70 0.84 1.56 1.78 
TW1 34 Kupakupa 351.95   0.02 1.20 0.66 1.88 
TW1 35 Kupakupa 352.45 4.7 0.02 0.60 1.07 1.69 2.01 
TW1 36 Kupakupa 353.05 1.4 0.02 0.60 1.06 1.68 1.95 
TW1 37 Kupakupa 353.80 1.5 0.05 1.20 0.61 1.86 2.13 
TW1 38 Kupakupa 354.45 1.0 0.05 1.30 0.54 1.89 2.17 
TW1 39 Kupakupa 354.95 1.0 0.06 1.40 0.28 1.74 1.99 
TW1 40 Kupakupa 355.45   0.06 1.60 0.26 1.92 
TW1 41 Kupakupa 355.95 1.1 0.05 1.20 0.35 1.60 1.85 
TW1 42 Kupakupa 356.45 2.3 0.08 1.20 0.77 2.05 2.39 
TW1 43 Kupakupa 356.95 1.2 0.02 0.50 1.13 1.65 1.91 
TW1 44 Kupakupa 357.45 1.0 0.03 0.90 0.94 1.87 2.15 
TW1 45 Kupakupa 357.95 12.5 0.03 0.80 0.83 1.66 2.21 
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          Gas Content (m3/t) aa TG 
Well Can Seam Mid-point Ash % aa Lost Measured Residual Total daf 
Ruawaro 1 A3 Ngaro 387.65 2.5 0.12 0.58 0.33 1.03 1.36 
Ruawaro 1 A2 Ngaro 388.09 3.1 0.19 0.59 0.24 1.02 1.32 
Ruawaro 1 A6 Renown 396.75 2.9 0.09 0.75 0.38 1.22 1.47 
Ruawaro 1 A5 Renown 397.29 3.5 0.09 0.78 0.34 1.21 1.53 
Ruawaro 1 A4 Renown 397.81 8.6 0.12 0.40 0.33 0.85 1.15 
Ruawaro 1 A7 Renown 398.25 66.9 0.27 0.17 0.07 0.51 2.22 
Ruawaro 1 A8 Renown 401.18 3.1 0.10 0.80 0.28 1.18 1.54 
Ruawaro 1 A9 Renown 401.68 5.7 0.13 0.84 0.28 1.26 1.67 
Ruawaro 1 A10 Renown 402.70 4.5 0.12 1.00 0.14 1.26 1.63 
Ruawaro 1 A11 Renown 403.20 7.4 0.09 0.39 0.22 0.70 0.94 
Ruawaro 1 A12 Renown 406.57 62.2 0.29 0.30 0.07 0.66 2.48 
Ruawaro 1 A16 Kupakupa 417.78 2.9 0.29 0.45 0.32 1.06 1.35 
Ruawaro 1 A15 Kupakupa 418.20 3.2 0.17 0.87 0.27 1.31 1.69 
Ruawaro 1 A14 Kupakupa 418.70 2.6 0.16 0.85 0.25 1.26 1.61 
Ruawaro 1 A13 Kupakupa 419.20 1.6 0.01 0.75 0.45 1.37 1.70 
Ruawaro 1 A17 Kupakupa 419.99 1.5 0.06 0.77 0.36 1.19 1.50 
Ruawaro 1 A18 Kupakupa 420.53 1.3 0.09 0.76 0.39 1.24 1.54 
Ruawaro 1 A19 Kupakupa 421.08 1.6 0.07 0.70 0.37 1.14 1.44 
Ruawaro 1 A20 Kupakupa 421.60 1.2 0.07 0.62 0.49 1.18 1.45 
Ruawaro 1 A21 Kupakupa 422.10 1.4 0.07 0.77 0.33 1.17 1.48 
Ruawaro 1 A22 Kupakupa 422.70 1.4 0.07 0.77 0.50 1.34 1.65 
Ruawaro 1 A23 Kupakupa 423.20 1.5 0.06 0.90 0.27 1.23 1.56 
Ruawaro 1 A24 Kupakupa 423.70 2 0.08 0.94 0.13 1.15 1.49 
Ruawaro 1 A25 Kupakupa 424.20 1.6 0.09 0.83 0.30 1.22 1.56 
Ruawaro 1 A26 Kupakupa 424.70 1.7 0.08 0.89 0.37 1.34 1.70 
Ruawaro 1 A27 Kupakupa 430.60 4.2 0.14 0.47 0.33 0.94 1.25 
Ruawaro 2 B1 Renown 433.66 3 0.12 2.01 1.05 3.19 4.07 
Ruawaro 2 B2 Renown 434.14 11.1 0.12 1.31 0.50 1.93 2.75 
Ruawaro 2 B3 Renown 434.59 2 0.04 1.96 0.50 2.50 3.21 
Ruawaro 2 B4 Renown 435.09 1.9 0.15 1.61 0.35 2.11 2.72 
Ruawaro 2 B5 Renown 435.59 2.1 0.34 2.11 0.14 2.59 3.36 
Ruawaro 2 B6 Renown 436.02 2.1 0.57 2.18 0.24 2.99 3.88 
Ruawaro 2 B7 Renown 436.44 2.1 0.21 1.97 0.67 2.85 3.61 
Ruawaro 2 B8 Renown 436.94 2 0.21 2.12 0.89 3.22 4.07 
Ruawaro 2 B9 Renown 437.44 1.9 0.05 1.88 0.31 2.24 2.91 
Ruawaro 2 B10 Renown 437.94 2.3 0.21 2.17 0.33 2.71 3.47 
Ruawaro 2 B11 Renown 438.44 11.3 0.09 1.03 0.41 1.53 2.17 
Ruawaro 2 B12 Renown 438.94 4.7 0.13 0.85 0.13 1.11 1.60 
Ruawaro 2 B13 Renown 439.44 3.3 0.19 1.02 0.13 1.34 1.82 
Ruawaro 2 B14 Renown 439.94 2.8 0.25 2.25 0.16 2.66 3.53 
Ruawaro 2 B15 Renown 440.34 31.2 0.44 1.33 0.11 1.88 3.70 
 
 
 
Appendix 4: Gas data 
 
Tennille Mares 394
 
          Gas Content (m3/t) aa TG 
Well Can Seam Mid-point Ash % aa Lost Measured Residual Total daf 
Ruawaro 2 B16 Kupakupa 458.45 2.4 0.09 1.02 1.00 2.11 2.65 
Ruawaro 2 B17 Kupakupa 458.95 2 0.12 1.28 0.76 2.16 2.72 
Ruawaro 2 B18 Kupakupa 459.45 2.1 0.12 1.35 0.80 2.27 2.86 
Ruawaro 2 B19 Kupakupa 459.95 1.6 0.20 1.57 0.70 2.47 3.15 
Ruawaro 2 B20 Kupakupa 460.45 1.6 0.22 1.75 0.37 2.34 2.99 
Ruawaro 2 B21 Kupakupa 460.95 1.6 0.09 1.46 0.83 2.38 3.00 
Ruawaro 2 B22 Kupakupa 461.45 1.4 0.14 1.54 0.78 2.46 3.00 
Ruawaro 2 B23 Kupakupa 461.98 1.4 0.15 1.43 0.81 2.39 2.90 
Ruawaro 2 B24 Kupakupa 462.55 1.6 0.19 1.57 0.79 2.55 3.18 
Ruawaro 2 B25 Kupakupa 463.13 1.8 0.13 1.45 0.72 2.30 2.86 
Ruawaro 2 B26 Kupakupa 463.73 6.3 0.10 1.48 0.27 1.85 2.50 
Rotongaro 1 C1 Ngaro 428.64 27.5 0.20 1.03 0.09 1.32 2.57 
Rotongaro 1 C2 Renown 435.15 4.5 0.08 0.34 0.24 0.66 0.86 
Rotongaro 1 C3 Renown 435.65 2.1 0.06 0.37 0.20 0.63 0.82 
Rotongaro 1 C4 Renown 436.15 5.2 0.04 0.42 0.21 0.67 0.88 
Rotongaro 1 C5 Renown 436.73 13.2 0.09 0.48 0.12 0.69 1.04 
Rotongaro 1 C6 Kupakupa 447.59 9.8 0.14 0.29 0.18 0.61 0.85 
Rotongaro 1 C7 Kupakupa 448.14 2.4 0.17 0.26 0.24 0.67 0.88 
Rotongaro 1 C8 Kupakupa 448.64 2.7 0.10 0.25 0.27 0.62 0.81 
Rotongaro 1 C9 Kupakupa 449.09 2.5 0.19 0.26 0.19 0.64 0.83 
Rotongaro 1 C10 Kupakupa 449.66 1.7 0.10 0.40 0.21 0.71 0.92 
Rotongaro 1 C11 Kupakupa 450.21 1.8 0.11 0.21 0.31 0.63 0.78 
Rotongaro 1 C12 Kupakupa 450.71 4 0.10 0.23 0.30 0.63 0.78 
Rotongaro 1 C13 Kupakupa 451.21 2.7 0.10 0.23 0.24 0.57 0.73 
Rotongaro 1 C14 Kupakupa 452.65 1.6 0.09 0.19 0.27 0.55 0.70 
Rotongaro 1 C15 Kupakupa 453.15 1.4 0.01 0.10 0.32 0.43 0.54 
Rotongaro 1 C16 Kupakupa 453.65 1.3 0.10 0.18 0.31 0.59 0.74 
Rotongaro 1 C17 Kupakupa 454.15 1.6 0.12 0.17 0.25 0.54 0.68 
Rotongaro 1 C18 Kupakupa 454.65 1.6 0.12 0.29 0.22 0.63 0.80 
Rotongaro 1 C19 Kupakupa 455.15 1.7 0.09 0.23 0.20 0.52 0.66 
Rotongaro 1 C30 Kupakupa 455.65 1.4 0.07 0.16 0.29 0.52 0.66 
Rotongaro 1 C21 Kupakupa 456.15 1.6 0.06 0.19 0.21 0.46 0.57 
Rotongaro 1 C22 Kupakupa 456.65 1.4 0.06 0.13 0.20 0.39 0.50 
Rotongaro 1 C23 Kupakupa 457.15 1.4 0.03 0.15 0.30 0.48 0.60 
Rotongaro 1 C24 Kupakupa 457.65 1.5 0.05 0.14 0.25 0.44 0.56 
Rotongaro 1 C25 Kupakupa 458.15 1.4 0.09 0.22 0.28 0.59 0.74 
Rotongaro 1 C26 Kupakupa 458.70 1.9 0.04 0.17 0.26 0.47 0.59 
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          Gas Content (m3/t) aa TG 
Well Can Seam Mid-point Ash % aa Lost Measured Residual Total daf 
Mangapiko 1 D1 Renown 482.60 24.4 0.06 0.51 0.12 0.69 1.19 
Mangapiko 1 D2 Renown 483.10 38.9 0.08 0.54 0.17 0.79 1.72 
Mangapiko 1 D3 Renown 483.60 2.9 0.04 0.58 0.37 0.99 1.28 
Mangapiko 1 D4 Renown 484.10 2.7 0.04 0.52 0.38 0.94 1.22 
Mangapiko 1 D5 Renown 484.60 4.4 0.06 0.62 0.33 1.01 1.32 
Mangapiko 1 D6 Renown 485.05 2.4 0.08 0.61 0.35 1.04 1.32 
Mangapiko 1 D7 Renown 485.55 2.7 0.04 0.69 0.39 1.12 1.43 
Mangapiko 1 D8 Renown 486.05 2.2 0.03 0.52 0.48 1.03 1.30 
Mangapiko 1 D9 Renown 486.55 2.1 0.04 0.66 0.36 1.06 1.37 
Mangapiko 1 D10 Renown 487.10 3.5 0.03 0.57 0.17 0.77 1.02 
Mangapiko 1 D11 Kupakupa 512.35 1.5 0.03 0.30 0.16 0.49 0.63 
Mangapiko 1 D12 Kupakupa 512.85 1.8 0.09 0.40 0.06 0.55 0.79 
Mangapiko 1 D13 Kupakupa 513.35 1.6 0.03 0.32 0.14 0.49 0.64 
Mangapiko 1 D14 Kupakupa 513.85 1.6 0.04 0.34 0.16 0.54 0.71 
Mangapiko 1 D15 Kupakupa 514.65 1.4 0.02 0.18 0.27 0.47 0.60 
Mangapiko 1 D16 Kupakupa 515.15 1.5 0.03 0.26 0.19 0.48 0.61 
Mangapiko 1 D17 Kupakupa 515.65 1.6 0.03 0.30 0.16 0.49 0.62 
Mangapiko 1 D18 Kupakupa 516.15 1.6 0.02 0.23 0.18 0.43 0.55 
Mangapiko 1 D19 Kupakupa 516.68 3 0.04 0.29 0.15 0.48 0.63 
Mangapiko 1 D20 Kupakupa 517.23 14 0.03 0.21 0.12 0.36 0.53 
Baco 1 B1 Renown 428.18 3.3 0.64 1.83 0.14 2.62 3.30 
Baco 1 B2 Renown 428.73 2.4 0.64 1.93 0.43 3.00 3.71 
Baco 1 B3 Renown 429.25 2.9 0.25 1.89 0.10 2.23 2.74 
Baco 1 B4 Renown 429.75 2.5 0.37 2.05 0.14 2.56 3.11 
Baco 1 B5 Renown 430.25 2.2 0.30 1.93 0.09 2.33 2.85 
Baco 1 B6 Renown 430.75 2.2 0.33 2.02 0.10 2.44 2.97 
Jasper 1 J1 Renown 408.06 40.9 0.18 1.27 0.23 1.68 3.21 
Jasper 1 J2 Renown 408.56 9 0.25 1.68 0.43 2.36 2.96 
Jasper 1 J3 Renown 409.06 4.2 0.19 2.05 0.68 2.91 3.43 
Jasper 1 J4 Renown 409.56 4.9 0.21 1.96 0.22 2.39 2.92 
Jasper 1 J5 Renown 410.18 3.7 0.26 1.76 0.32 2.34 2.76 
Jasper 1 J6 Renown 410.60 2.6 0.14 1.84 0.61 2.59 3.05 
Jasper 1 J7 Renown 411.10 2.7 0.13 1.87 0.57 2.57 2.99 
Jasper 1 J8 Renown 411.60 2.6 0.13 1.85 0.41 2.39 2.78 
Jasper 1 J9 Renown 412.25 2.3 0.16 1.98 0.67 2.81 3.26 
Jasper 1 J10 Renown 412.75 2.4 0.14 1.87 0.63 2.64 3.07 
Jasper 1 J11 Renown 413.28 5.2 0.15 1.86 0.25 2.27 2.73 
Jasper 1 J12 CM 413.79 64.4 0.11 0.55 0.20 0.86 2.92 
Jasper 1 J13 CM 414.21 69.2 0.13 0.50 0.08 0.71 2.64 
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          Gas Content (m3/t) aa TG 
Well Can Seam Mid-point Ash % aa Lost Measured Residual Total daf 
Mimi 1 M1 Renown 407.70 3.5 0.26 2.36 0.25 2.87 3.52 
Mimi 1 M2 Renown 408.20 2.2 0.27 2.63 0.26 3.16 3.82 
Mimi 1 M3 Renown 408.72 4.1 0.28 2.43 0.15 2.87 3.63 
Mimi 1 M4 Renown 409.31 6.1 0.37 2.30 0.15 2.82 3.60 
Mimi 1 M5 Renown 409.86 4.6 0.26 2.38 0.41 3.05 3.80 
Mimi 1 M6 Renown 410.38 3.4 0.22 2.39 0.17 2.78 3.40 
Mimi 1 M7 Renown 410.88 2.7 0.20 2.31 0.27 2.78 3.28 
Mimi 1 M8 Renown 411.38 2.4 0.24 2.36 0.35 2.95 3.46 
Mimi 1 M9 Renown 411.88 2.3 0.25 2.43 0.22 2.90 3.41 
Mimi 1 M10 Renown 412.51 2.6 0.26 2.38 0.16 2.80 3.34 
Mimi 1 M11 Renown 413.16 10.8 0.22 2.45 0.18 2.85 3.69 
Mimi 1 M12 CM 413.83 64.3 0.14 0.58 0.15 0.87 2.79 
 
CM = Coal measures, aa = as analysed, TG = total gas content, daf = dry ash-free. 
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The following eight papers were published using work produced during the course of 
this study. The papers are included at the back of this thesis. Where possible, the papers are 
reprinted with their original pagination.  
 
Mares, T.E. and Moore, T.A., 2007. Does size matter?: Compositional influences on gas 
content in an Eocene CBM play in New Zealand. 2007 Joint Meeting of the Canadian 
Society for Coal Science and Organic Petrology, The Society for Organic Petrology and the 
International Committee for Coal and Organic Petrology, Victoria, Canada, 39-40. 
 
Mares, T.E. and Moore, T.A., 2008a. Assessing Coalbed Methane prospects: How reliable 
are your numbers? New Zealand Petroleum Conference, Auckland, 10th-12th March, 
Ministry of Economic Development, Wellington, New Zealand, unpaginated.  
 
Mares, T.E. and Moore, T.A., 2008b. The influence of macroscopic texture on biogenically-
derived coalbed methane, Huntly coalfield, New Zealand. International Journal of Coal 
Geology, 76(1-2): 175-185. 
 
Mares, T.E., Moore, T.A. and Moore, C.R., 2009. Uncertainty of gas saturation estimates in 
a subbituminous coal seam. International Journal of Coal Geology, 77(3-4): 320-327. 
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Mares, T.E., Radlinski, A.P. and Moore, T.A., Cookson, D., Thiyagarajan, P., Ilavsky, J. and 
Klepp, J., 2009. Assessing the potential for CO2 adsorption in a subbituminous coal, Huntly 
Coalfield, New Zealand, using Small Angle Scattering techniques. International Journal of 
Coal Geology, 77(1-2): 54-68. 
 
Crosdale, P.J., Moore, T.A. and Mares, T.E., 2008. Influence of moisture content and 
temperature on methane adsorption isotherm analysis for coals from a low rank, 
biogenically-sourced gas reservoir. International Journal of Coal Geology, 76(1-2): 166-
174. 
 
Moore, T.A., Mares, T.E. and Butland C.I., 2008. Gas saturation: controls and uncertainty in 
biogenically-derived coalbed methane, examples from New Zealand coal fields. 33rd 
International Geological Congress, 5th-14th August, Oslo, Norway. 
 
Moore, T.A., Mares, T.E. and Moore, C.R., 2009. Assessing uncertainty of coalbed methane 
resources. IPA09-G-056, Thirty-Third Annual Convention & Exhibition, Indonesian 
Petroleum Association, Indonesia, 11 pp. 
 
The candidate’s contribution to the papers that she was first author on included: 
• Conducting almost all field work 
• Conducting all laboratory work except where otherwise noted 
• Interpretation of the data 
• Writing of the manuscripts for submission 
• Modifying and editing as required by the journal editor 
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Contributions of co-authors were as follows: 
• Assisting with field work and machine (small angle scattering) use 
• Guidance on data processing 
• General supervision, discussion and advice on data interpretation and manuscript 
preparation. 
• The statistical analysis and some text in Mares, Moore and Moore (2009) were 
contributed by Dr. Catherine Moore and Dr. Tim Moore. This paper is based on the 
Petroleum Conference paper Mares and Moore (2008a). 
 
For the Crosdale, Moore and Mares (2008) paper, the candidate contributed the work in 
section 6.2.1 with the text and the rest of the research conducted by Dr. Peter Crosdale and 
Dr. Tim Moore. 
 
The two second author papers were written by Dr. Tim Moore and included work produced 
during this thesis.   
 
Does size matter?: Compositional influences on gas content in 
an Eocene CBM play in New Zealand 
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1Department of Geological Sciences, University of Canterbury, Private Bag 4800, Christchurch, New 
Zealand 
2Solid Energy NZ Ltd., P.O. Box 1303, Christchurch, New Zealand 
 
 
 
Total gas content appears to be related to compositional characteristics in Eocene 
age subbituminous coals of the Huntly coalfield, New Zealand. However, the 
relationships are opposite between the two major coal seams in the basin, despite their 
stratigraphic proximity (less than 25m).  
 
In this study 163 coal desorption canisters were collected from eight drill holes. 
The retrieved coal was characterized by gas adsorption capacity, gas desorption and 
proximate analyses as well as being macroscopically logged for coal type and vitrain 
banding characteristics. Vitrain bands were quantitatively point counted and the longest 
dimension of the shortest axis measured. Three coal types were recognized: bright non-
banded, bright with <20% banding and bright with >20% banding. Band thickness, 
converted to the phi (-log2) scale, was found to increase across the coal types with the 
thickest bands being associated with the most banded coal type. Overall, when 
normalized by seam and location, the dataset reveals a relationship between coal type and 
gas content with the non-banded coal type having the highest gas contents and the most 
banded the lowest.  
 
However, when the seams are considered separately, it can be seen that in the 
upper Renown seam, gas has an indirect association with increasing band thickness while 
the lower Kupakupa seam has a direct relationship. Interestingly the Renown seam which 
has a greater percentage of non-banded material generally has a greater adsorption 
capacity in association with a greater gas content. It is unclear why the two seams should 
be so different in their gas contents and adsorption characteristics as related to 
composition. It is possible that the differences in the proportions of the coal types 
between the two seams has a fundamental control on micropore and fracture systems 
ultimately controlling the available surface area for gas adsorption. 
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Abstract
To assess the commercial viability of a coalbed methane prospect two of the key geological parameters 
measured are gas content (desorbed gas) and gas holding capacity (adsorption capacity). These two 
measures, together with reservoir pressure, give an estimate of the saturation of a reservoir. Typically 
saturation has been assessed by collecting one adsorption isotherm sample and assuming it is 
representative of the whole seam reservoir conditions. This study addresses that assumption. 
To understand the level of variation, and thus the inherent uncertainty in saturation, one core from the 
Huntly coalfield in New Zealand was analysed in detail. Ten canisters of coal (representing the whole 
seam) were desorbed for ten days and then analysed for adsorption capacity. Desorption analyses for 
measured gas (average in-situ basis) ranged from 2.69 to 3.35 m3/t (standard deviation (sd) = 0.25 
m3/t) and gas adsorptive capacity at 4 MPa (average in-situ basis) from 2.50 to 4.19 m3/t (sd = 0.46 
m3/t) resulting in saturations ranging from 68% to 123% (sd = 15). 
Allowing for a ±7 % error in adsorption capacity, saturation was calculated for each sample using total 
gas contents with ±5, 10, and 15 % error estimates. This resulted in a ±12, ±17 and ±23 % difference in 
saturation values respectively, ranging from 54 % to 152 %. To assess how many samples are required 
to make a realistic assessment of reservoir properties, random samples were averaged in lots of 2, 3, 
4 etc and compared to the overall mean for the 10 samples. It was found at least three samples are 
required to bring the average within to one standard deviation of the overall mean for total measured 
gas content, adsorption capacity and saturation.
Keywords: coal bed methane; gas adsorption capacity; desorption; saturation; subbituminous; 
uncertainty
Introduction
Studies of gas contents from biogenic coal seam reservoirs have shown that although they tend to be 
high in methane (>90% composition), the gas volume and gas storage capacity can be quite variable 
both within a seam and between stratigraphically different coal seams in the same location (Flores 
et al., 2001; Moore et al., 2001; Stricker et al., 2006; Butland and Moore, 2008; Mares and Moore, 
2008). As saturation is calculated using results from adsorption and desorption analyses, unsurprisingly 
saturation has also been reported with significant variation. Stricker and Flores (2002) found saturation 
to vary from 23 % to 66 % while Butland and Moore (2008) found downhole variation in saturation 
values of greater than 40 %. Knowledge of the saturation in a reservoir is important for economic 
2assessment of gas deposits. The level of saturation dictates the reservoir gas pressure which ultimately 
determines the gas recoverability (see also Bustin and Bustin, 2008).
The level of saturation is determined through comparing the measured gas (i.e. the desorption isotherm) 
with that of the adsorption isotherm, for the correct pressure/depth of the reservoir. However sample 
retrieval in the field usually results in the collection of numerous desorption samples and very few 
adsorption samples. Reported ratios of adsorption: desorption sample numbers include 47: 615 
(Stricker and Flores, 2002), 75: 615 (Stricker et al., 2006), 4: 90 (Butland and Moore, 2008), 8: 163 
(Mares and Moore, 2008), and 14: 76 (Warwick et al., 2008). The question being raised in this study 
is: are the relatively low proportions of adsorption to desorption samples sufficient to characterize a 
core or a seam? 
To address this question a complete seam profile from the Renown seam was collected in 2006 from 
the Jasper-1 well as part of an appraisal pilot program to assess CBM potential in the Huntly coalfield. 
Sequential desorption canisters were collected and analysed followed by adsorption and proximate 
analyses conducted on sub-splits from each of the canisters. The study was designed so that all results 
could be considered on a canister by canister basis with the aim of assessing the uncertainty and 
variability present in standard reservoir assessment parameters and ultimately to determine the number 
of samples required to estimate reservoir saturation. It is recognized that this study represents only one 
core, from one seam of subbituminous rank in a single coalfield in New Zealand. However, this study 
may form the basis for the same question being asked and evaluated in other coals in other basins.
Location
The Waikato Coal Measures occur throughout the Huntly coalfield and are comprised of a number of 
coal seams, with the Renown and Kupakupa seams being the main targets for mining and CBM. The 
coals are Eocene in age, subbituminous C to A in rank (Edbrooke et al., 1994; Newman et al., 1997) and 
vitrinite reflectance (%Ro) ranging from 0.34 to 0.53% (Edbrooke et al., 1994; Twombly et al., 2004). 
Previous studies have found that the carbon isotope values and the high methane contents (averaging 
>90%) indicate that the gas is primarily of secondary biogenic origin, generated by the reduction of 
CO
2
 (Moore and Butland, 2005; Moore and Twombly, 2006; Butland and Moore, 2008; Mares and 
Moore, 2008). In the study area the water table resides approximately 20 m below surface level.
Methods
The Jasper-1 well intersected the Renown coal seam at 408 m depth and 4.90 m of continuous core 
was retrieved using a wire-line coring system. Once at the surface, the coal core was immediately 
taken from the core barrel, quickly logged to identify any inorganic partings and sealed within PVC 
gas desorption canisters (for canister design see Moore et al., 2004).
Gas desorption
Ten canisters each containing approximately 0.5 m lengths of coal were collected from the Jasper-1 
well. Once sealed the canisters were maintained at reservoir temperature (approximately 32° C; 
Zarrouk and Moore, 2007) during desorption analyses using a water bath, and later a temperature 
controlled room, with gas volume readings being taken initially every 15 minutes. The time interval 
between readings was increased as the desorbed volume of gas decreased (see Barker et al., 2002; 
Moore et al., 2004; Moore and Butland, 2005 for these commonly used procedures). The canisters 
were desorbed over a 10 day period. Residual gas was determined using methods outlined in Moore 
et al (2004) and Moore and Butland (2005), while the lost gas correction and total measured gas 
volume were calculated using a modified version of the U.S. Geological Survey CBM spreadsheet 
(Barker et al, 2002). It is important to note that this method does not take free gas into consideration 
(Bodden and Ehrlich, 1998).
3Gas adsorption
After gas desorption a representative coal split from each of the canisters was collected for methane 
adsorption analyses, procedures outlined by Moore and Crosdale (2006) and Crosdale et al. (2008) at a 
reservoir temperature of approximately 32°C (Moore and Crosdale, 2006; Zarrouk and Moore, 2007). 
All gas adsorption analyses were conducted at the same laboratory (Energy Resources Consulting, 
Australia) under the same temperature and equilibrium moisture conditions. Methane adsorption 
curves were produced using the Langmuir equation assuming a mono-layer gas adsorption mechanism 
(Gregg and Sing, 1982). Moore and Crosdale (2006) and Crosdale et al. (2008) recognized, for methane 
adsorption isotherm samples collected from this field, that samples analyzed post-desorption yielded 
consistently higher gas holding capacities than samples collected and analysed immediately (that is, 
with no desorption). As such it needs to be stated that the gas holding capacities reported here are likely 
to be greater than the actual gas holding capacities but as this paper is a study of in seam variability 
it is the relative differences that are important. For more accurate adsorption capacities of the Huntly 
coalfield see Mares and Moore (2008).
Coal properties
Coal properties were determined on coal from each canister (CRL Energy Ltd). Analysis methods 
used were ISO 5068-2 for moisture (ISO, 2007), ISO 1171 for ash (ISO, 1997), ISO 562 for volatile 
matter (ISO, 1998), whilst fixed carbon was calculated by difference. Relative density was obtained 
using AS 1038.21.1.1 (Standards Australia International, 2002) and a representative seam composite 
was analysed for vitrinite reflectance (Newman Energy Research) using method ISO 7404-5 (ISO, 
1994)
Saturation
As gas adsorption and desorption data was collected for each canister, saturation was also calculated 
for each interval and reported on an in-situ basis using the formula: 
Saturation = 1-[(adsorption – desorption)/adsorption]    (1)
In-situ basis or data corrected to seam average moisture and ash contents has been used as it is thought 
to be the best representative of reservoir conditions. 
Data Manipulation
In this study, the total variance of gas is considered to be the sum of experimental error and the 
natural variation because of physical differences in the coal between samples. Both types of variance 
are considered, first how experimental error affects the uncertainty around saturation estimates and 
second how the number of samples taken affects how certain an average is in estimating gas properties 
of the whole seam.
Estimating experimental error in either adsorption or desorption analyses is not a straight forward 
exercise. Firstly, there have not been many studies which quantify repeatability in adsorption tests 
because of concerns of the effect that repeated tests may have on the same sample. This study, however, 
uses an experimental error of ± 7 % which is based on an Australian inter laboratory study (Crosdale 
et al, 2005). For a full discussion of potential sources of error see Mavor (2004). 
Selecting experimental error for measured gas (desorption) is more difficult as once a canister has been 
desorbed, it can not be desorbed again, thus precluding any type of quantification. It is recognized that 
desorption values can be the greatest source of error in saturation calculations because of lost gas and 
oxidation, particularly in low rank coals (Mavor and Nelson, 1997; Hayton, 2003). Thus, generous 
experimental errors have been selected at ±5, 10, and 15 %. 
The gas data in this study has also been manipulated in a second way. Coalbed methane plays draw 
gas from the whole seam and not just selected parts of the seam. Therefore, in the exploration stage, 
4accurately assessing the behavior of the whole seam intersection is necessary. However, neither 
adsorption nor desorption analyses can take a single sample that representatively reflects the average 
property of the whole seam. Thus, either the whole seam is sampled numerous times (as is often the 
case for desorption analyses) or only a limited number of samples are taken across the whole seam (as 
seen for most adsorption tests). The first method may ‘over sample’ (i.e. needlessly take more samples 
than needed to estimate a seam’s average value) and the latter method may give an abnormally high 
or abnormally low value that is not representative for the whole seam. 
In this study, the mean of the ten samples for adsorption and desorption were taken as representative 
for the seam. The goal of this part of the study was to see what would have been the minimum number 
of samples needed from the 10 canisters in order to approximate the mean within ‘acceptable’ limits 
of uncertainty (see below for further discussion of this). Thus each adsorption or desorption value for 
a canister was assigned a random number. Then these numbers were selected randomly and averaged 
accordingly. Thus, the first two in the sequence was averaged. Then the first three were averaged, then 
the first four and so on till all 10 were averaged and thus representing the ‘true’ mean. This procedure 
(i.e. randomly selecting the sample order) was repeated ten times, giving ten lines. 
Results and Discussion
Coal properties
Coal properties by canister can be seen in Table 1. Variability of proximate analyses within the seam 
is relatively low although no attempt to suggest controls on gas content or gas holding capacity is 
made in this study. Values for average seam moisture content, 11.70 %, and average seam ash yield, 
3.96 %, were used to correct gas data to in-situ basis. A vitrinite reflectance (Ro max) of 0.45% was 
determined for the Jasper-1 well. 
Total measured gas content
Total gas content (lost + measured + residual gas on an in-situ basis) was found to vary from 2.69 m3/t 
to 3.45 m3/t (a 22 % difference), with an average of 3.00 m3/t and a standard deviation of 0.25 m3/t 
(see Fig. 1 and Table 1). A total variation of 0.76 m3/t or about 25 % of the average total measured 
gas content is significant over the seam interval. 
Figure 1. Gas properties of the Renown seam in the Jasper-1 well on an average in situ basis. 
(A) Vertical profiles of total gas content and gas adsorption cappacity (at 4 MPa) showing 
no relationship between the two. Samples J6 and J8 have been labelled identifying the risk 
of collecting only one sample. (B) Vertical profile of percentage gas saturation. Note the 
oversaturated sample J6.
5Gas adsorption capacity
Methane gas adsorption capacity was found to vary substantially from 2.50 m3/t to 4.19 m3/t (a 40 % 
difference), when using a pressure of 4 Mpa, with an average of 3.52 m3/t and a standard deviation of 
0.46 m3/t (Table 1). The vertical profile plotted in Figure 1 shows that there is no relationship between 
gas content and gas holding capacity. This is not surprising as adsorption capacity is a physical property 
of the coal whilst the gas has been generated by biogenic processes not necessarily related to the coal 
structure (Mares and Moore, 2008).The risks involved by taking only one sample to estimate reservoir 
capacity can clearly be seen by considering samples J6 and J8.
As the adsorption capacity for J6 is actually 0.57 m3/t smaller than the next smallest capacity, and 
greater than 1 m3/t smaller than the samples either side, there was some concern about its validity. 
The experimental procedures for the adsorption analysis for J6 was thoroughly reviewed and showed 
no abnormalities. Other than the macroscopic log noting that the interval had a “fairly solid looking 
matrix” (Mares, 2006, unpublished data) no other unusual properties have been identified. If J6 is 
excluded, the gas adsorption capacity varies from 3.08 m3/t to 4.19 m3/t (27 % difference) at 4 Mpa, 
with an average of 3.63 m3/t and a standard deviation of 0.31 m3/t. Whether J6’s adsorption value is 
real or erroneous, it does illustrate the danger of using just one sample to estimate a whole seam. 
Saturation
Saturation was found to vary from 67.73 % to 122.92 % (45 % difference), with an average of 86.76 % 
and a standard deviation of 15.46 (Table 1). The vertical profile displayed in Fig. 1 shows that if only 
one sample was collected for adsorption and desorption analyses from either the J6 or J8 regions, in 
spite of only a metre separation, very different estimates on reservoir saturation (68 % versus 123 %), 
potential gas retrieval and commercial viability would be obtained. As such a large oversaturation is 
unlikely; it was decided to remove J6 from future variation calculations. With J6 excluded, saturation 
still shows considerable variation with a range from 67.73 % to 97.93 % (31 % difference) and an 
average of 82.76 % (standard deviation of 9.34). 
Effect of experimental error on saturation calculation
The effect of cumulative experimental error of adsorption and desorption analyses have been considered. 
For example, recalculating saturation with adsorption ± 7 % and total gas content ±5 % error results 
in around ± 12% difference in saturation values (Table 2). When desorption experimental error is 
increased to ± 10 % this results in an uncertainty of ± 17 % for saturation values; finally, a ± 15 % 
experimental error for desorption gives a ± 23 % uncertainty. These types of uncertainties illustrate 
that interpretations or exploration/development decisions made based on levels of gas saturation 
should be carefully considered. 
6Assessment of within seam variation
Within seam variation in the Jasper-1 well is considerable (Fig. 1). Over and above any experimental 
error (as just previously described) natural variations in the seam require more than one sample be 
collected in order to approximate mean values for reservoir gas properties. 
Fig. 2 shows the overall mean value for total gas content with one standard deviation (± 8.4 %) 
uncertainty. For the Jasper-1 well, 8 out of 10 of the averaging runs were within one standard deviation 
of the mean when averaging only two randomly selected samples. Thus for whole seam estimates if 
one standard deviation is an acceptable level of uncertainty, only three or more canisters for desorption 
would have been required. For gas adsorption capacity, excluding J6, the average of three samples 
were required to be within one standard deviation (± 8.5 %) of the mean (Fig. 3) while for percent 
saturation, again at least three saturation calculations were required to be within one standard deviation 
(± 11.3 %) of the mean (Fig. 4). So in all analyses at least three samples would have been required 
to be within ± 10 % of the mean. An additional benefit of collecting at least three samples is that 
anomalous or unusual results can be more easily identified and treated with caution.
Figure 2. Results of assessment of how many total gas samples are required to be within 
one standard deviation of the overall mean. It can be seen that at least three samples are 
required.
7Figure 4. Results of assessment of how many saturation calculations are required to be within 
one standard deviation of the overall mean. It can be seen that at least three samples are 
required.
Figure 3. Results of assessment of how many gas adsorption isotherm samples are required 
to be within one standard deviation of the overall mean. It can be seen that at least three 
samples are required.
8Conclusions
The results of this study show that considerable down hole variability can exist in adsorption, desorption 
and thus saturation within a single seam. The level of saturation in a coalbed methane reservoir is 
thought crucial to assessing its economic viability. Yet, adsorption isotherms, which are one of the two 
essential tests needed to determine percent saturation (the other being gas desorption), are chronically 
under-sampled. In a best case scenario, recalculating saturation with estimated experimental errors for 
adsorption (± 7 %) and desorption analyses (± 5 %), there is a 22 % uncertainty in saturation (that is ± 
11 % around any saturation value). As such, if a saturation value was 75%, it could actually be anywhere 
from 64 to 89 %. If natural variation in coal type is taken into account, and its affect on desorption, 
adsorption and thus saturation values, at least three samples (of each type of analyses, desorption and 
adsorption) would have been required for the Jasper-1 well in order to be within one standard deviation 
of the mean, with one standard deviation varying from 8.4 to 13.1 % (for desorption and adsorption 
analyses). It is important to note that the uncertainty values used here are just what this study has 
chosen to be ‘acceptable limits of uncertainty’, others may have higher or lower tolerances.
What are ‘acceptable’ limits of uncertainty? This depends on the level of accuracy that is required by 
the individual, the bank, the investor or the available budget. There is no right answer for this. In a 
preliminary study, explorers may be comfortable with an uncertainty of ± 20 %. With more investment 
however, banks or investors may demand lower levels of uncertainty (and thus less risk). 
It is recognized that this study only looked at one coal core, from one seam, in one basin within New 
Zealand and may not be applicable to other coal seams. However it does raise questions as to what 
is the variability of in saturation in other coal seams and the minimum number of samples needed in 
order to obtain an acceptable level of uncertainty. 
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Abstract 
Secondary biogenic gas content can be related to textural characteristics in Eocene age 
subbituminous coals from the Huntly coalfield, New Zealand. However, the relationships 
between the two major coal seams in the basin are considerably different despite their close 
stratigraphic proximity (less than 25 m). 
In this study, 163 coal samples were collected and desorbed from eight drill holes. Gas 
adsorption capacity and proximate analyses were conducted as well as macroscopic logging 
for coal type and vitrain banding characteristics. Vitrain bands were quantitatively point 
counted and the longest dimension of the shortest axis measured. Three coal types were 
recognized: bright luster non-banded, bright moderately banded and bright highly banded. 
Vitrain band thickness, converted to the phi (− log2) scale, was found to increase across the 
coal types with the thickest bands being associated with the most banded coal type. Overall, 
when normalized by seam and location, the dataset reveals a relationship between coal type 
and gas content with the non-banded coal type having the highest gas contents and 
conversely, the coal types with the most vitrain bands having the lowest gas contents. 
However, when the seams are considered separately, it can be seen that in the 
stratigraphically higher Renown coal seam, gas has an indirect association with increasing 
band thickness, in agreement with the overall trend, while the stratigraphically lower 
Kupakupa coal seam appears to have a direct relationship. Interestingly the Renown seam, 
which has a greater percentage of non-banded material, generally has a greater methane 
adsorption capacity as well as a greater gas content compared to the Kupakupa seam. It is 
believed these differences are related to macroscopic texture and that the differing 
proportions of the coal types between the two seams has a fundamental effect on 
microporosity, ultimately controlling the available surface area for gas adsorption. 
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Abstract 
To assess the commercial viability of a coalbed methane prospect two of the key geological 
parameters measured are gas content (desorbed gas) and gas holding capacity (adsorption 
capacity). These two measures, together with reservoir pressure, give an estimate of the gas 
saturation of the reservoir. Typically gas saturation has been assessed by collecting one 
adsorption isotherm sample and assuming it is representative of the whole seam reservoir 
conditions. This study addresses that assumption. 
To understand the level of variation, and thus the inherent uncertainty in saturation, one core 
(Jasper-1) from the Huntly coalfield in New Zealand was analysed in detail. Ten samples 
(representing the whole coal seam) were placed into gas desorption canisters and desorbed 
for ten days and then analysed for adsorption capacity. Desorption analyses for total 
measured gas content (average in-situ basis) ranged from 2.32 to 2.89 m3/t (standard 
deviation (sd) = 0.18) and gas adsorptive capacity at 4 MPa (average in-situ basis) from 2.11 
to 3.51 m3/t (sd = 0.38) resulting in saturations ranging from 66% to 120% (sd = 15). 
Determination of how many samples are required to make a realistic assessment of average 
reservoir properties requires a consideration of: (i) the level of accuracy desired, (ii) the limit 
of accuracy possible, which is governed by the magnitude of experimental error, and (iii) the 
innate variability of the seam. It was found that a minimum of five samples each for 
adsorption and desorption were required in order to significantly decrease the uncertainty in 
gas saturation estimates for a subbituminous coal. 
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Abstract 
Samples of subbituminous coal from the Huntly Coalfield, New Zealand, were analyzed for 
methane adsorption at a variety of moisture contents and temperatures. Density and moisture 
determinations as part of the procedure were used to experimentally confirm that the packing 
density of water adsorbed to the coal's surface is equivalent to that of normal liquid water. 
Moisture content was found to be critical in evaluating the storage capacity of these coals. 
Low moisture was associated with elevated adsorption isotherms. The relationship between 
moisture content and gas adsorption is non-linear. Temperature over the range we tested was 
found to play only a small role in storage capacity for this coal. A series of algorithms were 
developed to correct for moisture and temperature variations between samples. Testing of the 
algorithms by using an additional sample indicated that they are close to predicting 
experimental data but that the constants still require further refinement. These algorithms 
only apply to this coalfield and are not intended to be widely applied. In addition, it was 
found that methane adsorption isotherms determined on samples collected after desorption 
were elevated in comparison to those determined on samples which were collected 
immediately after drilling. 
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Abstract 
Small angle scattering techniques (SAXS and SANS) have been used to investigate the 
microstructural properties of the subbituminous coals (Rmax 0.42–0.45%) from the Huntly 
Coalfield, New Zealand. Samples were collected from the two thick (> 5 m) coal seams in the 
coalfield and have been analysed for methane and carbon dioxide sorption capacity, 
petrography, pore size distribution, specific surface area and porosity. 
Specific surface area (SSA) available for carbon dioxide adsorption, extrapolated to a probe 
size of 4 Å, ranged from 1.25 × 106 cm− 1 to 4.26 × 106 cm− 1 with total porosity varying from 
16% to 25%. Porosity was found to be predominantly composed of microporosity, which 
contributed the majority of the available SSA. Although considerable variation was seen 
between samples, the results fit well with published rank trends. 
Gas holding capacity at the reservoir pressure (approximately 4 MPa) ranged from 2.63 to 
4.18 m3/t for methane on a dry, ash-free basis (daf) and from 22.00 to 23.72 m3/t daf for 
carbon dioxide. The resulting ratio of CO2:CH4 ranged from 5.7 to 8.6, with an average of 
6.7:1. 
Holding capacities for both methane and carbon dioxide on a dry ash free basis (daf) were 
found to be correlated with sample microporosity. However, holding capacities for the two 
gases on an as analysed (aa) basis (that is including mineral matter and moisture), showed no 
such correlation. Carbon dioxide (aa) does show a negative correlation with both specific 
surface area and microporosity. As the coals have low inorganic matter content, the reversal 
is thought to be related to moisture which is likely concentrated in the pore size range 12.5–
125 Å. Methane holding capacity, both daf and aa, correlates with macroporosity, thus 
suggesting that the holding capacity of micropores is diminished by the presence of moisture 
in the pores. 
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Gas saturation is probably second only to permeability in determining whether a coalbed 
methane reservoir will yield gas at rates deemed commercial. Yet, the controls on gas 
saturation which are biogenically-derived in coal beds are not well understood. In New 
Zealand, the Greymouth, Ohai and Huntly coalfields were investigated and all found to 
be biogenic to mixed biogenic/thermogenic in origin. There was also a wide variance in 
the degree of gas saturation within and between deposits. The Ohai coalfield has the 
highest δ13C isotopes values but is intermediate in rank between the Greymouth and 
Huntly coals. It is postulated that it’s relatively high gas saturations (>75%) are the result 
of gas migration up-dip from more thermally mature coal beds. It should be noted, 
however, that potentially large uncertainties can exist around gas saturation values. To 
assess this, one coal core from the Huntly coalfield was sampled from top to bottom (10 
samples) for desorption and adsorption gas properties. Desorption analyses for measured 
gas (average in-situ basis) ranged from 2.69 to 3.35 m3/t (standard deviation (sd) = 0.25) 
and gas adsorptive capacity at 4MPa (average in-situ basis) from 2.50 to 4.19 m3/t (sd = 
0.46) resulting in saturations ranging from 68% to 123% (sd = 15). Allowing for a ±7 % 
error in adsorption capacity, saturation was calculated for each sample using measured 
gas contents with ±5, 10, and 15 % error estimates. This resulted in a ±11, ±16 and ±21 
% difference in saturation values respectively, ranging from 54 % to 152 %. To assess 
how many samples are required to make a realistic assessment of reservoir properties, 
random samples were averaged in lots of 2, 3, 4 etc and compared to the overall mean for 
the 10 samples. It was found at least three adsorption and desorption samples would have 
been required in the Huntly core to bring the average within to one standard deviation of 
the overall mean for measured gas content, adsorption capacity and saturation.  
 
 1
PROCEEDINGS, INDONESIAN PETROLEUM ASSOCIATION  
Thirty-third Annual Convention & Exhibition, May 2009 
  
 
Assessing uncertainty of coalbed methane resources 
 
Tim A. Moore1,2, Tennille E. Mares2 and Catherine R. Moore3 
 
1PT Arrow Energy Indonesia, Jl. Taman Kemang No. 32B, Jakarta, Indonesia (tmoore@arrowenergy.com.au) 
2University of Canterbury, Department of Geological Sciences, University of Canterbury, Christchurch, New Zealand 
(tem36@student.canterbury.ac.nz)  
3Butler Partners Pty Ltd., P.O. Box 2267, Fortitude Valley BC, Qld., Australia (cmoore@butlerpartners.com.au) 
 
 
ABSTRACT 
 
While estimating reserves for coal, oil and natural [conventional] gas is relatively routine and 
standarised, resource calculations for gas in coal is neither.  Because gas in coal is held in such a 
fundamentally different way than in conventional gas reservoirs, these variables should be derived 
commensurate with coal-gas properties. Thus, a methodology has been developed to determine 
resource size and to assign uncertainty around those estimates.  
 
The underlying tenet for assessing a resource should be to understand the uncertainty around the 
key components of the estimation process. For coalbed methane those components are rock 
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volume and gas content. Rock volume needs to take into account the area, coal bed thickness and 
density of the organic material, while gas volume needs to assess the adsorption properties of the 
coal and likely saturation levels. A refined assessment also considers the level (%) of gas types 
such as CH4, CO2, C2H6 etc.  By defining the uncertainty of each of these parameter estimates 
(most simply in terms of worst, base and best case, or more completely as parameter 
distributions), and potentially any correlation between these parameters, it is possible to undertake 
probabilistic analyses to quantify the uncertainty of the gas resources. Acceptable limits of 
uncertainty will be a reflection of individual investor’s appetite for risk. Defining uncertainty allows a 
fairly objective means of distilling geological data into levels of probability. 
 
INTRODUCTION 
 
Coal is generally a black, brittle, highly carbonaceous rock. Like limestone, it forms and is 
transformed in a fundamentally different way than the clastic sedimentary rocks which usually 
surround it. It is well recognised that the carbon which comprises greater than 90% of coal gives it 
unique properties among rocks, certainly in terms of its interaction with gaseous components. Yet, 
assessing gas potential in coal often uses methodologies not suited to its inherently carbon-based 
composition. Using the wrong method for calculating gas content in coal can result in significant 
potential error of gas in-place estimates.   Additionally a significant source of resource estimate 
uncertainty relates to the difficulty in characterising the heterogeneity of the coal resource.   
 
Despite the likelihood of some degree of uncertainty accompanying any resource estimate, it is 
common procedure to report a single coalbed methane (CBM) resource estimate.  . For example, 
in Indonesia, a single resource estimate value  has been given for the country and for regions such 
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as South Sumatra and Kalimantan (e.g. Stevens et al., 2001; Hadiyanto and Stevens, 2005). This 
reporting of a single estimate incorrectly conveys  a degree of certainty when in fact the range of 
coal bed methane resource estimates consistent with prior knowledge and data is usually 
reasonably large(Moore and Butland, 2005; Mares et al., 2009b).  
 
The purpose of this paper is to set out, firstly, what parameters should be considered in estimating 
the gas resources of a coal seam, basin or region. Secondly, the methodology of estimating 
uncertainty in gas in-place estimates will be explained and examples given. In addition, some 
background on how methane is held in coal and the differences between a reserve and a resource 
will be briefly discussed below. 
 
Methane in Coal 
 
It is essential to understand how methane is held in coal because it is so fundamentally different 
from how gas is held in conventional reservoirs. In clastic sediments, it is the volume of pores that 
determine the potential gas charge; the methane is held, more or less, as ‘free’ gas. 
 
In contrast, methane in coal forms a physio-chemical bond along the pore walls, where the gas is 
adsorbed onto the coal. Thus, rather than pore volume determining the maximum holding capacity 
for methane, it is the sum of the surface area of all the pores which dictate how much gas can be 
held. Total pore volume can remain the same, but if there are more pores, rather than less, this will 
result in greater surface area and therefore greater gas holding capacity. On average, just one 
cubic centimetre of coal – a very small amount! - has about three square metres – that’s a lot! - of 
surface area (Radlinski et al., 2004; Mares et al., 2009a). 
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Therefore, while grain size and the degree of secondary mineralisation will determine pore volume 
in clastic sediments, coal composition and type may also ultimately determine pore-size distribution 
(and thus surface area) in coal (Mares et al., 2009a).  
 
In all probability ‘free’ gas also exists in a coal reservoir. But, it is generally accepted that the 
majority of methane in coal will be held as adsorbed gas onto the surfaces within pores. Thus it is 
essential that gas character in coal is assessed with this property in mind.  
 
Reserve versus Resource 
 
An additional distinction is required before proceeding with the uncertainty analysis that is the focus 
of this paper, and relates to the difference between resource and reserve estimates.  This paper is 
concerned only with estimating resources, not reserves (Fig. 1). Resource estimates, are 
preliminary estimates of the possible gas content in a coal resource, and are based upon an 
assumed character of the reservoir, and supported to varying extents by data from widely spaced 
exploration wells.   In contrast, gas reserve estimates relate to how much of that gas content can 
be extracted (and when), and can only be  made once data from existing flowing wells is available.. 
Reserves are divided into 1P, 2P and 3P which are respectively ‘proven’, ‘proven plus probable’ 
and ‘proven plus probable plus possible’ gas reserves.  
 
For coalbed methane reservoirs, resources are usually estimated based upon the results from 
exploration drill holes. An advantage of coalbed methane exploration is that these wells are 
generally inexpensive compared to their oil and gas equivalents. The primary purpose of coalbed 
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methane exploration wells are to gain quantitative data on maximum holding capacity of the target 
coal seam (measured through adsorption isotherms), the gas charge (measured through 
desorption isotherms), gas quality (i.e. %CH4) and then the calculated gas saturation. The 
variability of each of these measurements, allows a description of the level of uncertainty for the 
gas resource to be obtained. 
 
In some cases, especially in preliminary assessments, there is no reservoir data available. 
Estimates can still be made, if the rank, coal bed thickness and distribution of the reservoir are 
known to some degree. Through comparison with other coal beds with similar character, gas 
properties can be inferred, however a wide range of possible gas properties needs to be 
represented in this case, commensurate with the high level of uncertainty associated with this 
extrapolation of data.  .   
 
 
CONCEPT OF UNCERTAINTY 
 
Parameters used to represent real world properties in models of fluid flow in geologic media are 
inevitably accompanied by uncertainty.   Sources of this parameter uncertainty relate to:  
(i) various types of measurement error;  
(ii) necessary model simplifications of real world geological complexity;  
(iii) the insufficiency of data to discern more than a fraction of the detail of this complexity; 
and in some cases  
(iv) uncertainty regarding the general assumptions in the conceptual model itself.   
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Inaccuracies may occur for example in the definition of strata boundaries and depths, fault 
locations, isotherm relationships, hydraulic recharge areas and flow rates. The interplay of these 
factors determines the magnitude of this error, e.g. a handful of measurements may be sufficient to 
discern a realistic parameterisation for very homogeneous geological strata, whereas a lot of data 
would be required to obtain realistic parameter representations of heterogeneous geological strata 
(see also Mares et al., 2009b).  Clearly, any prediction made on the basis of these estimated 
parameters will also be uncertain, and the correct approach to this inherent uncertainty is to strive 
to provide a description of the potential error of any predictions made on the basis of these 
uncertain parameters.  
 
One way that  the uncertainty of each parameter can be expressed is through assignment of a 
‘best’, ‘base’ and ‘worst’ value. Where data is plentiful or heterogeneity is known to be low, the 
range of a variable from ‘best’ to ‘worst’ may be small; and conversely, where little is known about 
a variable the range between ‘best’ and ‘worst’ scenarios can be large, to reflect the greater 
parameter uncertainty.  This approach of assessing ‘worst’,’base’ and ‘best’ parameter values is 
adopted in this paper, allowing a conceptually simple uncertainty analysis for resource estimates.  
Furthermore, this approach allows an exploration of the relative contribution that various 
components of resource estimation make to the uncertainty of those estimates.  
 
ROCK/RESERVOIR VOLUME 
 
The first component of coal bed methane resource estimation relates to assessing the size of a 
coalbed methane resource, which is expressed in terms of the volume or tonnage of the coal 
resource.   For coalbed methane, reservoir volume is defined by the area, the thickness of the coal 
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and coal density. These variables are used to calculate the tonnage of the coal which is present in 
any given area. Tonnage is calculated because gas resources are usually reported as cubic metres 
of gas per ton of coal (m3/t).  Because a reservoir is inherently geological in nature, each of these 
variables can be expected to vary throughout the reservoir.  Incorporating some description of this 
variability in the resource estimation process provides the basis of the uncertainty analysis 
described herein.   
 
 
Area/Domain 
 
In almost all cases, the area of a prospect is known exactly. However the size of the area that the 
coal actually occupies within that prospect is difficult to define precisely. Coal seams may thin and 
be absent in some areas as a result of depositional thinning,  ‘washouts’, and faulting, while other 
areas may be inaccessible  for assessment because of existing surface infrastructure (e.g. towns, 
factories, roads).   The extent to which this variability is known will depend on the density of data 
within the permit area. 
 
In general the ‘best’ case scenario would assume that the coal resource occupies the full permit 
area (unless there is data to show otherwise). The percentage of the whole permit or assessment 
area used for the ‘base’ or ‘worst’ case scenarios would be dependant on available data and/or as 
inferred from extrapolating the experience with similar projects   
 
Where it is available, geological and/or gas information can be used to divide the permit  area into 
smaller blocks or domains (see Esterle et al., 2006). Division of these blocks can be based upon 
 8
geological properties such as faults, depth, coal thickness, gas data, or even just data density (Fig. 
2). Other factors, such as depth of the reservoir, can also be used to subdivide the area as this has 
a strong impact on maximum holding capacity. The important outcome of subdivision of the permit 
into smaller areas is that it reduces the range of any particular variable, effectively reducing the 
uncertainty of resource estimates pertaining to that subarea.  
 
Coal Seam Thickness 
 
The thickness of a coal seam can change abruptly, thus making this variable an especially hard 
one to estimate accurately over any given spatial distance. Within a permit, there may be areas 
where coal seam thickness is more uniform and predictable, but also areas where thickness can 
change rapidly. Additionally, within a permit  area, the data density will be greater in some parts 
than others.  In other words, one source of uncertainty of thickness estimates is related to data 
control (i.e. some areas have more drill hole data than others) and the degree to which this creates 
uncertain thickness estimates is related to another source of uncertainty, viz.  the rate of change of 
the thickness over a given area (i.e., two areas may have  equal data density, but one is more 
heterogeneous than the other, and so would result in more uncertain estimates of uncertainty).  
 
As noted in the previous discussion on area, variation in coal seam thickness can be used to 
subdivide the permit area into smaller blocks. Again, this can be done based on uniformity of 
thickness (thus meaning there is little uncertainty in thickness) or defining areas where rapid 
thickness changes occurs (i.e. areas of high uncertainty) or areas of different data density (thus, 
less and more uncertainty, respectively). 
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Density  
 
In order to calculate volume and tonnage of the reservoir, the density of the coal is estimated. 
However while density is straightforward to estimate, the coal components that influence density 
have significant implications for coal adsorption properties which needs to be considered.   
 
The greatest influence on the density of a unit of coal is its ash yield; that is, the amount of 
inorganic material present in the coal seam. In general, the density of organic components of any 
coal ranges from about 1.25 – 1.35 g/cm3 dependant on the rank of the coal. Coals with high 
inertinite content can have density values as great as 1.45 g/cm3 because of the inherently higher 
density of the mostly carbon-composed inertinite macerals. In contrast, the inorganic material in 
coal is usually greater than 2.60 g/cm3 (kaolinite is 2.60 g/cm3; quartz is 2.65 g/cm3).   However, 
methane does not adsorb on to the inorganic fraction in coal (see Laxminarayana and Crosdale, 
1999, 2002; higher ash yield coal having less absorbed gas is well documented; see Butland and 
Moore, 2008; Mares and Moore, 2008; Warwick et al., 2008; Wang, 2007). So, if a coal has 
relatively high inorganic constituents (say >10%), then the total tonnage of the reservoir will be 
increased and superficially would appear to have a greater gas in-place. But, the gas holding 
capacity will decrease with this high inorganic component; a fact which if not recognised and 
considered could cause considerable overestimation of gas in-place.  
 
This negative correlation between high ash content (high density) and low methane adsorption 
could be addressed  via the delineation of high and low ash coal intervals and assigning them 
different gas holding capacities. 
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Calculating Volume/Tonnage 
 
Table 1 summarises an example calculation for 4 hypothetical domains of a coal reservoir, 
calculating (coal) volume and tonnage (using a density of 1.30 g/cm3), where volume is simply the 
product of area and thickness, and tonnage is the product of volume and coal density. Note that, as 
already discussed, there are ‘best’, ‘base’ and ‘worst’ case scenarios around each of the two main 
variables (area and coal seam thickness), but density has been fixed with a single value in this 
calculation.  
 
The calculation  leads to ‘best’, ‘base’ and ‘worst’ case scenarios for coal volume and tonnage. The 
uncertainty of any particular domain can be expressed through the range from best to worst cases. 
For example, in coal thickness, domain 3 has less uncertainty than domain 4 even though the base 
case coal thickness is the same for both zones.  
 
GAS VOLUME 
 
Estimating gas volume in a coalbed methane reservoir is the second component of coal bed 
resources estimation (after reservoir size estimation). This component is based on  two 
measurements: (1) the maximum gas holding capacity of the target seam, and (2) the total gas in 
the seam. The first measurement is a laboratory measurement and represents the hypothetical 
amount of gas that can be held by that sample at any given pressure and temperature.  The 
second measurement is from fresh core and represents the actual amount of gas in the coal. A 
way of thinking of these two measurements is, the first test tells you how big your cup is, and the 
second measurement tells you how full it is. These two measurements are used to calculate the 
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gas saturation of the reservoir (expressed as a percentage), which is a key parameter in 
determining whether the reservoir could be commercial or not. 
 
Maximum Gas Holding Potential 
 
The test to determine maximum holding capacity in a coal is commonly referred to as an 
adsorption isotherm, or more often just ‘isotherm’. The ‘isotherm’ refers to the test procedure that a 
coal sample is tested for its maximum methane holding capacity at different pressures but at the 
same temperature.  
 
The maximum gas holding capacity of any given coal is influenced by a number of parameters, not 
the least of which are coal rank, type (i.e. composition) and  quality (see discussion in the section 
on density). As well as these parameters, the holding capacity is determined by both the pressure 
and temperature of the reservoir. 
 
The pressure of the reservoir, in almost all cases, is determined by the depth below surface. The 
pressure is a simple hydrostatic head function. Thus when reading an adsorption isotherm, the 
pressure translates into different depths (rule of thumb is that about 4 MPa is about 400 m 
hydrostatic head). It is crucial that the depth of a sample is known, otherwise, calculation of %gas 
saturation will not be possible (see below). 
 
When collecting samples for adsorption testing, it has been demonstrated that these samples must 
be fresh, otherwise an overestimation of the storage capacity will ensue (Crosdale et al., 2008) 
which can also result in an erroneously low % gas saturation determination. Additionally, it has 
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been shown that more than one adsorption sample per seam needs to be taken. Mares et al. 
(2009b) reports that even in a fairly homogenous coal seam, a minimum of 5 adsorption samples 
would be needed to have a reasonable constraint on the uncertainty.  The fitting of the isotherm to 
the data is another source of potential estimation error. 
 
Gas Desorption (“Measured” Gas) 
 
The second crucial measurement in estimating gas volume is gas desorption. This analysis 
determines the amount of gas actually desorbed (released) off of the coal (from a core sample). 
This is a direct measure of the gas and must be taken off of fresh core, immediately upon arrival at 
the surface. The procedure for measuring gas from coal has been discussed elsewhere (Barker et 
al., 2002; Moore and Butland, 2005; among others).  
 
Measured gas can have significant in-seam variation (Butland and Moore, 2008; Mares and Moore, 
2008) and thus, a minimum number of gas canisters need to be taken in order to capture that 
variability and determine the uncertainty. The minimum number of canisters will vary depending on 
the inherent heterogeneity of the seam (Mares et al., 2009b). At the beginning of an exploration 
project, it thus could be wise to take more, rather than less, samples for desorption.  
 
Gas Saturation 
 
Gas saturation of a reservoir is simply derived from the ratio between actual (measured) and 
potential (adsorption isotherm) gas in a coal seam at any given pressure or temperature. The 
percentage gas saturation is usually expressed as, for example “70% saturated”, meaning the 
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‘glass is 70% full’. Sometimes gas saturation is expressed as a percentage of its level of under-
saturation, for example “30% under-saturated, or ‘the glass is 30% empty’.  
 
Note that in some cases, no data for either, or both, adsorption or desorption will exist for a new 
prospect area. What can be done however is to use isotherm and gas saturation data from coals of 
similar rank and composition from another location. Of course, there are errors associated with the 
extrapolation of data from one site to another, which need to be reflected in the larger range of 
values for each of the variables explored (and thus, the commensurate increase in the range of  
uncertainty for saturation estimates). 
 
The percentage of gas saturation for a reservoir is also an important parameter when undertaking 
gas reserved estimates, and is probably only second to permeability in influencing how difficult it 
will be to develop a gas play commercially.  
 
Calculating Gas Volume 
 
Table 2 shows an hypothetical variation in maximum holding capacity and % gas saturation for four 
domains (derived from the ratio between desorption and adsorption data). Again, note that some 
domains in the permit area have the same base case values, but because of higher unknowns or 
natural variability, the ranges between the ‘worst’ and ‘best’ case values are larger, reflecting a 
greater uncertainty associated wth variables in these domains 
 
The product of the tonnage and saturation estimates are then used to calculate the total gas in-
place for each domain,  expressed as BCF (billion cubic feet) of gas. For the example given here, 
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the uncertainty is fairly large, with gas in place values ranging from 13 (worst case) to 91 (best 
case) BCF of gas in-place with a base case of 36 BCF. 
 
CALCULATING UNCERTAINTY 
 
The purpose of assigning ranges to geological parameters in coalbed methane prospects is to 
define the uncertainty of gas in-place in probabilistic terms. In order to accomplish this we use a 
Monte Carlo estimate undertaken with @risk software (Palisade, 2007). The variables that are 
assessed are the primary ones: area, seam thickness, gas holding capacity and saturation. The 
reader is referred to the published @risk module summary, but the type of distributions assigned to 
each of the major variables is important. To reflect a typical scarcity of data we adopted simple 
distributions; using a uniform distribution for area, and a triangular distribution for all other 
parameters which reflect our general knowledge of the distributions expected for these parameter 
types 
 
Using the hypothetical test data summarized in Tables 1 and 2, a probabilistic gas in-place 
distribution has been derived and is shown in Figure 3.  A total of 100,000 runs were completed for 
the distribution and as can be seen in the probability distribution results in a median, or P50 value, 
of 39.6 BCF with P10 and P90 being 32.5 and 46.9, respectively. That means there is an 80% 
chance that the predicted gas in-place is between 32.5 and 46.9 BCF.This is a pretty ‘tight’ 
distribution, when compared with that defined by the worst and best case scenarios, and reflects 
the fact that it is very unlikely that all of the worst case variables occur together within a single 
domain .  Of course, the probability estimate is only as good as the input distribution data.  
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SUMMARY 
 
The procedure of estimating and quantifying the level of uncertainty through probabilistic analysis 
presented in this paper, is just one of many possible approaches that could be adopted. We have 
used this approach as it is a relatively fast and conceptually simple procedure, and is also 
straightforward to audit. While not perfect, the procedure robustly portrays the inherent uncertainty 
associated with estimates of coalbed methane resources.  Furthermore, it also conveys that in 
some areas parameters are more well known than in others..  Additionally, as a prospect is moved 
forward and more data is collected or becomes available, the values used in the probability 
analysis can be easily revised and estimates updated. 
 
Where data is particularly scarce, extrapolation from reservoir data of other, similar, coals can be 
used, but larger ranges of parameter uncertainty are necessary to reflect this extrapolation.   
Analysis of existing literature, to better quantify this extrapolation error, would be a beneficial 
extension to this work. 
 
Finally, as stated at the beginning of this paper, the method presented is for application to resource 
estimation not reserve estimation.  As most reservoir engineers know, gas in-place estimates may 
indicate a potentially large gas play, but flowing that gas to surface requires a whole different set of 
reservoir parameters which must be delineated and used in the design of production wells that can 
flow commercial rates of gas.  The associated range of uncertainty of reserve estimates is much 
narrower than for resources estimates, however more complicated uncertainty analysis methods 
are required for its assessment; which must honour the collected flow data and measurements of 
the system response to that flow.    
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Table 1: Estimates of tonnage of coal in different geological ‘domains’ within a hypothetical prospect.  
Domain/Area Worst Base Best Worst Base Best Worst Base Best Worst Base Best
1 7,074,324 7,467,342 7,860,360 10 15 25 70,743,240 112,010,130 196,509,000 91,966,212 145,613,169 255,461,700
2 1,320,605 1,393,972 1,467,339 1 3 8 1,320,605 4,181,916 11,738,712 1,716,787 5,436,491 15,260,326
3 9,312,899 9,830,283 10,347,666 5 10 15 46,564,497 98,302,827 155,214,990 60,533,846 127,793,675 201,779,487
4 3,110,192 3,282,981 3,455,769 5 10 25 15,550,961 32,829,806 86,394,225 20,216,249 42,678,747 112,312,493
GRAND TOTALS 20,818,021 21,974,577 23,131,134 134,179,303 247,324,679 449,856,927 174,433,093 321,522,082 584,814,005
AREA (m2) net THICK (m) VOLUME (m3) TONNAGE (t) (1.30 g/cm3)
 
 
Table 2: Estimates of gas in-place in different geological ‘domains’ within a hypothetical prospect. 
Domain/Area Worst Base Case Best Worst Base Case Best Case Worst Base Case Best Case
1 100 124 155 60% 70% 80% 5.52 12.60 31.68
2 205 220 250 60% 65% 70% 0.21 0.78 2.67
3 150 175 200 70% 75% 85% 6.36 16.77 34.30
4 100 175 225 60% 75% 90% 1.21 5.60 22.74
GRAND TOTAL 13 36 91
Gas in-Place BCFSaturation (%)Adsorption Gas Content (SCF/t)
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Figure 1: Resource and reserve classification (from SPE). 
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Figure 2: (A) Schematic of coal thickness, thin solid lines, faults (thick lines) and data (black 
dots). (B) sample map divided into ‘domains’, 1 through 7. (C) Dotted lines are structure 
contours.  
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Figure 3: Probabilistic distribution of gas in-place for data used in Tables 1 – 2.  
